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Foreword 


Forest fires are considered a major environmental problem in many European 
Union Member States as well as in other parts of the world. According to a recent 
report of the European Commission, forest fires are a dominant feature of the 
landscapes of the five Southern European Member States - Portugal, Spain, 
France, Italy and Greece, and almost a half of the Community’s forests have been 
classed as fire-risk areas. 

Protection from forest fires is an interdisciplinary endeavour, which needs to be 
addressed from both the technological and methodological point of view, and 
which necessitates a wide Spectrum of various scientific disciplines. It also implies 
the solution of numerous practical problems (both of a generic nature and of a 
specific one) and the consideration of the characteristics of the specific areas in 
which fire fighting is carried out. 

Scientific research is offering a major contribution to forest fire fighting. The 
European Commission (DG XII, Directorate General for Science, Research and 
Development) has supported since the 1980 s a number of multinational research 
projects through its successive RTD programmes in the field of the Environment. 
Findings from these integrated and multidisciplinary projects have increased our 
understanding of the causes and socio-economic aspects of fire, of the natural role 
of fires in the maintenance and res toration of ecosystems, and of fire behaviour 
modelling. Emphasis was also given to the development and validation of fire 
behaviour and fire fighting models, fire danger indexes and to improving the sci¬ 
entific basis of the new technologies to develop tools in support of fire manage¬ 
ment. Special effort has been made to involve potential users of research results to 
improve the dissemination and exploitation of the results. 

Earth observation from space has indeed a significant role to play in the field of 
forest fires, covering some of its important scale aspects, in terms of time and 
space. Observations from space need to be validated and checked by field studies, 
and data generated from space must be used in models to provide useful informa¬ 
tion for operational applications. The rapidly advancing technology of space ob¬ 
servation gives a unique opportunity for the solution of the forest fire problem. 
The use of satellites of the new generation, together with advanced information 
technologies, and the collaboration of fire modelling experts, fire managers and 
remote sensing specialists, can provide alternative solutions to current operational 
aspects of the fire problem, and are certain to be adopted rapidly by fire manage¬ 
ment entities. 

This volume encompasses studies carried out under the MEGAFiReS (Remote 
Sensing of Large Wildland Fires in the European Mediterranean Basin) project, 
fiinded by DG XII, to help gain insight into the potential role of the use of remote 
sensing techniques in the field of forest fire detection, monitoring and assessment. 
Focusing on areas like those in the Mediterranean, where early fire detection and 
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reliable fire danger prediction can not only help cut costs, but help to reduce the 
yearly burned area and to avoid casualties, this volume provides a comprehensive 
report of the current status of European research into the strengths and limitations 
of currently available satellites for operational fire management. 


Anver Ghazi and Panagiotis Balabanis 
Global Change and Biodiversity Unit 
European Commission, Brussels. 
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1 Introduction 


Emilio Chuvieco 

Department of Geography, University of Alcalå (Spain) 

Wildland fires are becoming a major concern for several Environmental Sci¬ 
ences. Assessment on fire effects on a local scale is increasingly considered a 
critical aspect of ecosystem functioning, since fire plays a crucial role in vegeta¬ 
tion composition, biodiversity, soil erosion and the hydrological cycle. On a global 
scale, fire is the most generalised means to transform tropical forest in agricultural 
areas, and it has severe impacts on global atmospheric chemistry. 

Fire is a natural factor in many climates, such as the Mediterranean, with high 
levels of vegetation stress during the summer season. However, changes in tradi¬ 
tional land use patterns have recently modified the incidence of fire in this area. 
Rural abandonment in the European Mediterranean Basin has implied an unusual 
accumulation of forest fuels, which notably increases fire risk and fire severity. On 
the other hånd, the increasing use of forest as a recreational resource involves a 
higher incidence of man-induced fires, either by carelessness or arson. 

In spite of the great incidence of fires in Southern Europe, a significant amount 
of information is still required to better understand fire risk factors and fire effects. 
Most of the national forest services do not provide cartographic representation of 
burned areas. Therefore, there is a lack of understanding about the spatial factors 
related to fire incidence and the spatial consequences of fires. For instance, on 
many occasions only a general estimation of burned area is provided, but the fire 
perimeter is not available, and thus the fire fighting manager does not clearly 
know the spatial pattern of fire behaviour or the areas more severely affected by 
the fire. In the case of fire risk estimation, most of the current danger indices are 
based on weather stations, which are frequently sparse and located far from the 
forested areas. Consequently, only general information about the spatial distribu¬ 
tion of risk is available, and fire pre-suppression resources might not be optimally 
allocated. 

Remote sensing from space is especially suitable for forest fire-related research. 
The wide area coverage and high frequency provided by satellite sensors, as well 
as their information on non visible spectral regions, makes them a very valuable 
tool for prevention, detection and mapping of wildland fires. During the last 
decade, the range of applications has significantly increased, making satellite 
remote sensing a solid ally in many forest fire strategic plans. 

This book presents and in-depth review of remote sensing applications to forest 
fire research, with several operative examples centred on the European 
Mediterranean Basin, most of them taken from the European project Megafires. 
The contents are organised in three major sections, dealing with the three phases 
of fire management: pre-fire planning (fire risk, Chaps. 3 to 5), fire suppression 
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(detection and fighting, Chap. 6) and fire effects (burnt land mapping, Chaps. 7 to 
9). An introductory section on the ecological impacts of fires in the Mediterranean 
environment precedes these chapters, in order to provide a framework to better 
understand the natural scenario of this research. 

To help the reader, the different chapters are illustrated with a wide range of 
graphs and satellite images. All the colour figures are included in a separate 
section, located in the centre of the book. For educational purposes and to 
stimulate further research in this field, a CD-ROM has been additionally produced 
for the book. It includes samples of satellite images, programs and digital maps 
generated within the Megafires project. All these files are easily accessible from 
external software, although some display Utilities have also been included. All the 
components of the Megafires consortium are convinced of the necessity of 
disseminating, as much as possible, work fmanced from public sources (in this 
case, the Environment and Climate Program of the European Union DG-XI). The 
object of this is to encourage other teams to take advantage of our results to 
continue with their research. 

We hope this book can contribute significantly to reduce the negative effects of 
fire on the social and natural environment, in the Mediterranean and elsewhere. 



2 The role of fire in European Mediterranean 
ecosystems 


Juli G. Pausas and V. Ramon Vallejo 

Centro de Estudios Ambientales del Mediterråneo (CEAM), Valencia (Spain). 


Abstract. Fire is an integral part of many ecosystems, including the Mediterra¬ 
nean ones. However, in recent decades the general trend in number of fires and 
surface burnt in European Mediterranean areas has increased spectacularly. This 
increase is due to: (a) land-use changes (rural depopulation is increasing land 
abandonment and consequently, fuel accumulation); and (b) climatic warming 
(which is reducing fuel humidity and increasing fire risk and fire spread). The 
main effects of fire on soils are: loss of nutrients during burning and increased risk 
of erosion after burning. The latter is in faet related to the regeneration traits of the 
previous vegetation and to the environmental conditions. The principal regenera¬ 
tion traits of plants are: capacity to resprout after fire and fire stimulation of the 
establishment of new individuals. These two traits give a possible combination of 
four funetional types from the point of view of regeneration after fire, and differ- 
ent relative proportions of these plant types may determine the post-fire regenera¬ 
tion and erosion risk. Field observations in Spain show better regeneration in 
limestone bedrock type than in marls, and in north-facing slopes than in south- 
facing ones. Models of vegetation dynamics can be built from the knowledge of 
plant traits and may help us in predicting post-fire vegetation and long-term vege¬ 
tation changes under recurrent fires. 

2-1 

Introduction 

There are several features that make the landscapes of the European Mediterra¬ 
nean Basin different from those of the rest of Europe, and these differences are 
mainly related to the climate, the long and intense human impact, and the role of 
fire. The latter is, in turn, influenced by the other two. Mediterranean ecosystems 
of Europe have been subjected to a long-term history of human use (Wainwright 
1994, Grove 1996, Margaris et al. 1996), and this has provoked an older and very 
intense disturbance regime when compared to the other Mediterranean-climate 
regions in the world (Fox and Fox 1986). However, within the Mediterranean 
basin, differences in land-use patterns have increased during this century between 
Euro-Mediterranean and Afro-Asiatic-Mediterranean countries (Blondel and Ar- 
onson 1995). In the Southern areas of the western Mediterranean (Maghreb), 
growing populations are reducing forests and shrublands by overgrazing and ex- 
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tending arable lands, whereas in the northern countries abandoned land is in- 
creasing at the expense of marginal agriculture (Puigdefåbregas and Mendizabal 
1998). These differential trends make the European Mediterranean Basin more fire 
prone than the Southern area, as shown in the fire statistics of the last decades 
(Vélez 1997, Moreno et al. 1998). 

2.2 

Fire history 


2.2,1 

Statistics 

Natural fires are conunon in many parts of the world and are an integral part of 
many terrestrial ecosystems. Fire has been used by man as a management tool 
since early times. It has been suggested that Palaeolithic people already burnt 
deliberately to facilitate hunting and food gathering (Stewart 1956). The first evi- 
dence of human-induced changes by fire in the Mediterranean landscape is during 
the Neolithic (Naveh 1975). Since then, the Mediterranean basin has seen the 
evolution of many cultures, some with high population densities, and most making 
use of fire and farming. However, from the 60s until today the general trend in 
number of fires and surface burnt in the European Mediterranean areas (mainly 
Iberian, Italic and Greek Peninsulas and surrounding islands) has increased expo- 
nentially. Fire statistics compiled for Spain from the 60s (Martmez-Ruiz 1994, 
Moreno et al. 1998, Pinol et al. 1998) show a clear increase in number of fires and 
surface burnt especially since the mid-70s (Figs. 2.1 and 2.2). From 1960 to 1973 
the mean annual burnt area was about 50 kha and the annual number of fires was 
less than 2000. However, since 1974, the mean annual area burnt is about 215 kha, 
caused by a mean of 8550 annual fires, and in some of these years the area burnt 
was more than 400 kha, i.e. nearly 2% of the total non-arable land of Spain (1978, 
1985, 1989 and 1994; Fig. 2.1). This increase has occurred in spite of the in¬ 
creased fire suppression efforts of the recent years. A similar trend has been found 
in other European Mediterranean areas (e.g. Kailidis 1992, Viegas 1998), although 
the increment may be slightly shifted in time. The year 1993-94 was a turning 
point in recent fire history because several large fire episodes took place in differ- 
ent Mediterranean ecosystems of the world (SE Australia: January 1994, Spain: 
August 1994, California: October 1993; Moreno 1998). 

Data from Spain (Martmez-Ruiz 1994, Moreno et al. 1998) show that the in¬ 
crease in the number of fires has mainly affected non-wooded areas (e.g. shrub- 
lands); wooded areas showed lower increase (Fig. 2.1). Most areas burnt are pine 
forests, especially Pinus pinaster and P. halepensis (Fig. 2.3), while broadleaf 
species represent a small proportion. Although in Spain a large percent of the 
causes of fire ignition are unknown (38%), most fires are caused by people, either 
intentionally, or by negligence or pasture burning. Only a very few are natural (i.e. 
lightning, 5% of the fire with known cause; Fig. 2.3). A more detailed analysis of 
the causes of fire ignition in Eastern Spain has been underway since 1995 by the 
local government. This study has determined the origins of 99% of fires in the 
area. It shows that during the period 1995-97 the pattern was quite different from 
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Ve a r 


Fig. l.l.Yearly number of fires (line), wooded surface bumt (close bars, kha) and non- 
wooded (e.g. shmblands) surface bumt (open bars, kha) in Spain for the period 1961 - 
1997. Elaborated from data of ICONA (Martmez Ruiz 1994, Vélez 1996,1997b). 



Year 


Fig. 2.2. Number of fires in the last decades for the whole Spain (black dots) and for the 
eastem part (Valencia region). Note the logarithmic scale of the y-axis. 


the general pattern found for the whole Spain: 43% of the fires were caused by 
negligence, 28% were intentional and 23% were started by lightning. This ele- 
vated figure for lightning as compared with the whole of Spain may be due to the 
relative high frequency of dry storms inland in early summer in the region. How- 
ever, it should be taken into account that this information is only available for 3 
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Others 

8% 




Fig. 23. Percentage of surface bumt by dominant species (A) and percentage of number of 
fires by causes of ignition (B, 38% of the fires were of unknown cause and are not consid- 
ered in the figure), in Spain during the period 1974-1994. Elaborated from data in Moreno 
et al. (1998). 


years and these years were moist years (with relatively high rainfall). This implies 
that the percent fires started by lightning may be high (because of the high number 
of storms) but the total number of fires and burnt area may be low (because of the 
high humidity). For the whole of Spain, fires caused by pasture burning are dis- 
tributed throughout the year, with a great proportion occurring during spring and 
fali, whereas most other fires, including those from lightning, are concentrated in 
sununer (Våzquez and Moreno 1995). The temporal pattern of fires from pasture 
burning may, in part, reflect the pattern of fires of few decades ago, but the current 
fire regime is very different from that, since most fires occur within just a few 
weeks during sununer (Moreno et al. 1998). 

2.2.2 

Land-use changes 

In the Mediterranean bas in, many centuries of severe human pres sure resulting 
in burning, cutting and grazing on non-arable lands and clearing, terracing, culti- 
vating, and later abandonment of arable portions, have created a strongly human- 
influenced landscape. The cultivation of marginal areas under increasing popula¬ 
tion pressure have been common in Southern Europe since the 16th century (Roxo 
and Mourao 1995, Kosmas 1996). It is not possible to understand current vegeta¬ 
tion patterns in the Mediterranean basin without taking into account past anthro- 
pogenic activities and land uses. Human intervention has been so strong that it is 
still making a significant impact on current and future vegetation patterns. 

The changes in fire occurrence during the last decades closely reflect the recent 
socio-economic changes underway in the European Mediterranean countries (Vé- 
lez 1993, Moreno et al. 1998). With industrial development, European Mediterra¬ 
nean countries have experienced: depopulation of rural areas, increases in agri- 
cultural mechanisation, decreases in grazing pressure and wood gathering, and 
increases in the urbanisation of rural areas (LeHouérou 1993). These changes in 
traditional land use and lifestyles have implied the abandonment of large areas of 
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farmland, which has led to the recovery of vegetation (Garcia-Ruiz et al. 1996, 
Roxo et al. 1996) and an increase in accumulated fuel (e.g. Rego 1992). In South¬ 
ern Europe, human activity has dramatically increased fire frequency as a conse- 
quence of land abandonment and tourist pressure. Pifiol and Terradas (1996) found 
a significant relationship between population density and fire occurrence in 
Mediterranean areas of the Iberian Peninsula. As a consequence of these proc¬ 
esses, landscapes are becoming homogeneous (Moreno and Oechel 1992, Sala and 
Rubio 1994). In summary, land-use changes produced during the present century 
in Southern Europe are parallel to the changes in the fire regime, from being few in 
number and affecting small areas, to becoming very numerous and affecting large 
extensions every year. This trend is not observed in the Southern Mediterranean 
basin where traditional land uses remain the major socio-economic system. 


2.2.3 

Climate change 

Although the main reason for fire increase in the last decades is probably 
changes in land use, climatic factors should be considered as a contributing factor. 
Fires tend to be concentrated in summer when temperatures are high, and air hu- 
midity and fuel moisture are low. Predictions on climate warming in the Mediter¬ 
ranean basin indicate an increase in air temperature and a reduction in summer 
rainfall (Houghton et al. 1996). Although there is uncertainty as to the mean and 
variance of the precipitation changes, all predictions suggest a future increment in 
water deficit. These changes would lead to an increase in water stress conditions 
for plants, changes in fuel conditions and increases in fire risk, with the conse- 
quent increase in ignition probability and fire propagation. Analysis of past cli¬ 
mate data already shows some of these trends (Maheras 1988, Amanatidis et al. 
1993, Pifiol et al. 1998). For example, the recent analysis of meteorological data 
from 1910 to 1994 in the eastern Iberian Peninsula (Pifiol et al. 1998) shows a 
clear increase in temperature and potential evapotranspiration and a reduction in 
summer humidity. These changes are correlated to an increase in the number of 
fires. The climate changes that are predicted to occur in the near future as a result 
of releasing greenhouse gases are likely to induce increased fire risk not only in 
the Mediterranean area, but also in other fire-prone regions of the world (Flanni- 
gan and van Wagner 1991, Torn and Friend 1992). 

2.3 

Fire effects on soils 

Fire effects on soils can be separated in two phases^ that is, direct losses of nu- 
trients during burning, and post-fire changes due to low vegetation cover. These 
two phases include different processes, and they eventually require different 
measures to reduce soil degradation risk. 

During burning, direct nutrient losses are produced by volatilisation, mostly C, 
N and S, and by ash convection in the smoke column (Raison et al. 1985, Gillon 
and Rapp 1989, Trabaud 1994). These losses are especially relevant in high inten- 
sity fires (Little and Ohmann 1988). In addition, the vegetation and forest floor 
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cover disappear partially or totally, and the topsoil suffers heating (Christensen 
1994). These processes associated with buming operate in a time scale of seconds 
to weeks, the latter in the case of smouldering in small spots. The magnitude of 
these impacts is included in the often ambiguous term Tire severity’, which is 
somehow related to fire intensity, and may be defmed as the residence time of a 
threshold temperature, e.g. 150 °C (Pérez-Ramos 1997). As fire temperature is 
related to fuel load and spatial structure, actions to reduce fire impact during com- 
bustion are addressed to control fuel accumulation. 

The burned land has lost most of the plant and forest floor cover, therefore the 
ash layer and bare soil are exposed to water and wind erosion, and to soluble nu- 
trients leaching from the ash layer during the post-fire period of low vegetation 
cover (DeBano et al. 1979, Khanna and Raison 1986). The time scale of this sec- 
ond phase is from fire extinction up to a few months to years dependiiig on the 
vegetation recovery rate. Nutrient losses produced after fire could be higher than 
those produced during burning, especially when soil erosion is relevant. The 
greatest damage by fire is caused in those areas with a long dry season where 
organic horizons can be burnt, exposing, and perhaps affecting, the mineral soil 
(Trimble 1988). In Mediterranean regions, the frequent autumn rainstorms con- 
stitute a high erosion risk after summer wildfires. Thornes (1990) considered that 
a minimum of 30% projective plant cover is sufficient for protecting the soil 
against water erosion. The higher the risk of post-fire soil erosion, the higher the 
time required for vegetation to reach this threshold plant-cover value. In eastern 
Spain, critical time values varied from a few months to more than 1.5 years 
(Vallejo et al. 1999), and these are quite dependent on the regenerative strategy of 
the vegetation. Post-fire soil degradation in vulnerable soils (erodible soils, steep 
slopes and low plant-regeneration capacity) could be mitigated by applying emer- 
gency seeding techniques (Vallejo and Alloza 1998) that aim at enhancing a pro- 
tective herbaceous cover shortly after the fire. In spite of nutrient losses produced 
during combustion and post-fire leaching and erosion, soil fertility increases tem- 
porarily by ash incorporation in the soil and soil biological activity enhancement 
shortly after the fire (Walker et al. 1986, Kutiel and Naveh 1987), although a late 
short-term depression in nutrient availability may appear (Ferran 1996). Soil bio¬ 
logical activity after fires requires more than 20 years for complete recovery (Pro- 
don et al. 1987). In addition, fire may modify mycorrhizal inocula in the soil (Tor- 
res and Honrubia 1997, Tartaglini 1992) that can limit plant regeneration. Soil 
properties usually increase their spatial heterogeneity because of processes associated 
to the fire, such as patchiness in fire severity (Pérez-Ramos 1997), short-distance 
redistribution of ashes and top soil material after fire (Serrasolsas 1994), and the 
modifications in nutrient cycling produced by the different litter qualities of colonis- 
ing plants (Ferran and Vallejo 1992). 

High fire frequency affecting nutrient-poor ecosystems strongly increases the 
risk of soil fertility depletion and desertification. In semiarid shrublands of south- 
eastern Spain, Carreira et al. (1996) found a sharp depletion of soil-available nu- 
trients, especially extractable inorganic phosphorus, associated to a linear increase 
in the fire frequency along a successional chronosequence. In addition, C accu¬ 
mulation in the soil could be limited by N losses during fire in ecosystems affected 
by high fire frequency (Menaut et al. 1993, Vitousek and Howarth 1991). In spite 
of the short-term nutrient losses produced by severe wildfires, and that model 
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predictions indicate that regular buraing may result in a decline of forest produc- 
tivity (O’Connell 1989), little evidence has been found so far of long-term de- 
creases in soil productivity because of fire. Recently, Ferran et al. (1998) found 
that 3.5 years after the fire, Quercus coccifera garrigues accumulated less biomass 
in stands affected by recurrent fires (up to 3 fires in 16 years) as compared to those 
affected by only one. 

2.4 

Post-fire regeneration of vegetation 

The effects of fire on vegetation are very complex, not only bécause of the 
great complexity of Mediterranean ecosystems and the interactions with land uses, 
but also because of the different responses to different type of fires and fire re¬ 
gimes (i.e. different intensities, seasonalities, recurrences and extent of the fire). 
At the landscape level, post-fire regeneration would depend mainly on the initial 
vegetation, that is, plant traits of the initial species occurring on the site, and on- 
site environmental factors (climatic and terrain parameters). 


2.4.1 

Plant traits 

There are two main plant traits conditioning the regeneration pattern: (a) the 
capacity to resprout after fire (resprouter species), and (b) the stimulation of the 
recruitment by fire (seeder or recruiter species). We consider fire-stimulated spe¬ 
cies to be those in which fire stimulates or facilitates the recruitment proces s (seed 
dispersal, germination, flowering, etc.) by some physical or Chemical mechanism 
(e.g. heat, smoke). Species that increase after fire because there is more light/space 
available (opportunistic species) are not considered fire-stimulated species. Spe¬ 
cies may resprout or not, and may have their recruitment stimulated by fire or not, 
in four possible combinations (Pausas 1999a): resprouters without recruitment 
stimulated by fire (R+S-), resprouters with recruitment stimulated by fire (R+S+), 
non-resprouters with recruitment stimulated by fire (R-S+, obligate seeders) and 
non-resprouters without recruitment stimulated by fire (R-S-). 

These functional types have different demographic patterns and responses to 
repeated wildfires (for details see Pausas 1999a). Resprouting species always 
maintain some biomass alive (often below-ground biomass) and recover quickly 
from fire. A typical example is the Quercus coccifera (kermes oak, the dominant 
species of the garrigues), a vigorous resprouter shrub with rhizomes that quickly 
recover from fire. Trabaud (1991) experimentally burnt this species every 2 years 
for 19 years and it kept resprouting. Ferran et al. (1998) have demonstrated the 
loss of some growth capacity in this species after recurrent fires. This loss can be 
due to the depletion of carbohydrates and nutrients stored in the below-ground 
system. Other Quercus species have demonstrated their high resprouting capacity 
from basal buds (e.g. Q. ilex). An interesting case is Quercus suber (cork-oak) 
which is able to resprout from stem buds (Pausas 1997) thanks to protection by a 
thick bark (cork). It is the only European tree species that resprouts from stem 
buds, as do most Australian Eucalyptus (Giil 1981, Strasser et al. 1996), and it 
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produces a quick regeneration of the landscape after fire. This feature, together 
with its economic importance, makes this species a good candidate for reforesta- 
tion programs in fire-prone areas. 

The recovery of non-resprouting species is slower and depends on the fire in¬ 
terval, the age of maturity (to produce seeds for regeneration) and seed longevity, 
and resistance to fire. Species with fire-stimulated recruitment show a peak phase 
soon after a fire, and then they decrease due to their low competition ability. Dif- 
ferent recruitment processes may be stimulated by fire, with germination being the 
most important. Seeds of some species have innate (primary) dormancy and re- 
quire a fire-related stimulus to germinate (refractory seeds). Fire may also stimu- 
late flowering or dispersal. Examples of species with fire-stimulated germination 
are most of the Cistaceae and Papilonaceae (legumes) species (e.g. Thanos et al. 
1992, Arianoutsou and Thanos 1996). Furthermore, it has been postulated that 
post-fire vegetation may be rich in legume species because their capacity to fix 
nitrogen may alleviate nutrient losses caused by fire. However, while some studies 
seem to support this hypothesis (e.g., in the Greek phryganas, Arianoutsou and 
Thanos 1996), others do not (in French and Iberian garrigues, Trabaud 1992, 
Pausas et al. 1999). 

Another adaptation to fire is the serotiny (=bradyspory), that is, the retention of 
the seed in the canopy until a fire occurs (fire-induced seed dispersal). This fire 
stimulation system is frequent in other Mediterranean type ecosystems (South 
Africa, Australia) but in the Mediterranean basin it is only found in a relatively 
low level in a few species such as the Mediterranean pines (e.g. Pinus halepensis, 
P. brutid). In these pines the recruitment is stimulated by fire because of increased 
seed dispersal rather than germination stimulation. In contrast with some other 
Mediterranean type ecosystems (such as South Africa, Australia), in the Mediter¬ 
ranean Basin no plants have been found to be strictly dependent on fire for com- 
pleting their life cycle. 

There are some species which possess both the capacity to resprout after fire 
and to have their recruitment stimulated by fire (e.g. Thymus vulgaris, Anthyllis 
cytisoides, Dorycnium pentaphyllum). However, in these cases both factors are 
usually developed in a lesser degree (i.e. lower resprouting capacity and lower 
stimulation of the recruitment) than for resprouting (non-stimulated recruitment) 
species and obligate seeders. 


2.4.2 

Environmental conditions 

Environmental conditions affect both fire behaviour and vegetation response, 
and the differential effect on each of these factors is difficult to separate from field 
observations. Several samplings in the eastern Iberian Peninsula have been un- 
dertaken to test the effect of different environmental (terrain and climate) pa¬ 
rameters on regeneration (Vallejo 1997, Pausas et al. 1999). 

Two main bioclimatic zones from the point of view of temperature and two 
main bedrock types are found in the eastern Iberian Peninsula (Valencia region): 
the thermo-Mediterranean zone right next to the coast with a mean annual tem¬ 
perature between 17-19 °C (vegetative period = whole year) and the meso- 



The role of fire in European Mediterranean ecosystems 11 


Mediterranean zone, somewhat inland with a mean annual temperature between 
13-17 °C (vegetative period = 9-11 months). The two main bedrock types are: 
limestone, that is, calcareous hard rocks producing very shallow and decarbonated 
brown-red soils with abundant outcrops and cracks, and marls which produce 
deeper and highly carbonated soils but without cracks. The combination of these 
factors (bioclimatic region x bedrock type) gives four distinctive environmental 
conditions. Several sites were selected in each of these environments after the 
1991 fires, and the vegetation covers were analysed 10 and 34 months after the 
fire (Vallejo 1997, Pausas et al. 1999, Fig. 2.4). Results clearly show the influence 
of bedrock type, while differences in climatic region were less evident: plant re- 
covery was significatively lower on marls in both samplings (10 and 34 months 
after fire). Ten months after fire the mean plant cover was over 71% on limestone 
bedrock type, and ca. 40% on marls. At that time two highly resprouting species 
(both having rhizomes), Quercus coccifera (kermes oak) and Brachypodium re- 
tusum (a perennial grass) covered ca. 30 and 46% on limestone and 7 and 24% on 
marls. 

The effect of facing slope on post-fire recovery was studied after the 1994 large 
fire in the meso-Mediterranean bioclimatic zone under limestone bedrock of the 
eastem Iberian Peninsula. A year after the fire, on the average, vegetation covered 
42% of the soil, and the cover was significantly greater on the north slopes 
(52.4%) than on the south ones (32%, Fig. 2.5). This recovery was mainly due to 
the resprouting species Quercus coccifera and Brachypodium retusum, and to the 
obligate seeders Ulex parviflorus, Helianthenum marifolium and Cistus albidus. 

The regeneration of Pinus halepensis has also shown some relation with envi- 
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Fig. 2.4. Plant cover (%) 10 and 34 months after fire in four environmental conditions: 
two bedrock types (Ma: marls, Li: limestones) and two bioclimatic regions (TM: 
thermo-Mediterranean and MM: meso-Mediterranean). Vertical hnes are standard 
deviations. Elaborated from data in Pausas et al. (1999). 
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Fig. 2.5. Vegetation cover (%) for total and for two species groups (woody species and 
herbaceous species), on different facing slopes, one year after the 1994 fire on limestone 
bedrock type and under meso-Mediterranean bioclimates in the Eastem Iberian Peninsula. 
Vertical lines are standard deviations. Elaborated from data in Pausas et al. (1999). 


ronmental conditions. This species tends to regenerate better at low altitude (Fig. 
2.6), at low/middle position on the hillside and on moderate slopes or flat areas 
(Tsitsoni 1997). Furthermore, other parameters have been found to be important in 
the regeneration of this species, such as the thickness of the ash layer after fire, 
which reduces the germination rate of Pinus halepensis and Cistus species 
(Ne’eman et al. 1993). The regeneration of this important forest species depends 
on fire recurrence, that is, if the fire-free period is shorter than the age to reach 
maturity, the species would be locally eliminated. 

2.4.3 

Prediction of long-term effects 

The long-term consequences of disturbances on landscapes are difficult to pre- 
dict on the basis of field observations only. Models of vegetation dynamics are 
useful tools for investigating the long-term consequences of different scenarios 
such as climatic (Solomon 1986, Bugmann 1997), harvesting (Pausas and Austin 
1997), fire regime (Pausas 1998) or land-use scenarios. These models are espe- 
cially important for studying the consequences of interval-dependent processes (in 
contrast to event-dependent processes; Bond and van Wilgen 1996), where the 
experimental approach is difficult to apply. Interval-dependent processes such as 
establishment, maturation and dormancy are key factors for predicting the long- 
term consequences of alternative fire scenarios on Mediterranean landscapes. 
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Fig. 2.6. Mean number of pine {Pinus halepensis) seedlings per under bumt adults 
along an altitude gradient. Elaborated from data in Pausas et al. (1999). 


Modelling vegetation dynamics in fire-prone ecosystems requires two steps 
(Pausas 1998). The first is to produce descriptive (often statistical, e.g. Strasser et 
al. 1996, Pausas 1997) models based on field observations after wildfire or ex- 
perimental fire. These models are a simplified description of the response of 
vegetation to disturbance events (fires). The second step is to introduce ecological 
knowledge of how plants function and descriptive models from field observations 
into a mechanistic simulation model. This simulation model allows us to simulate 
long-term vegetation dynamics, and to test alternative scenarios or management 
options. 

The most standard modelling technique currently used to predict vegetation dy¬ 
namics is the gap model approach (individual-based gap dynamic modelling ap¬ 
proach, Botkin et al. 1972, Shugart 1984) which simulates stand development by 
modelling mechanistically the establishment, growth, and death of individual 
plants. We have developed a simple gap model, called Brolla (Pausas 1999b), 
that simulates the establishment, growth, and death of individual plants in a 200 
m^ plot and at annual time-steps. Brolla aims at capturing the main features for 
modelling the dynamics of Mediterranean vegetation. It is based on other gap 
models (Botkin et al. 1972, Shugart 1984, Coffm and Lauenroth 1990, Pausas et 
al. 1997) and includes four species groups (plant fimctional types) growing in the 
north-eastern Iberian Peninsula: Quercus (tree, broad-leaved evergreen resprouter; 
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e.g. Q. ilex). Pinus (tree, needle-leaved non-resprouter with serotinous cones; e.g. 
P. halepensis), Erica (heath, ericoid-leaved resprouter; e.g. E. multiflora), and 
Cistus (shnib, broad-leaved non-resprouter with gemination stimulated by fire; 
e.g. C. albidus). Six fire scenarios were simulated for a 500-year period (mne- 
monic names in brackets): no fire (NF) and fire every 100 (FIOO), 40 (F40), 20 
(F20), 10 (FIO) and 5 (F5) years. The objective of these fire scenarios was to cre- 
ate a fire recurrence gradient to study the behaviour of the functional types with 
changes in fire recurrence. In the presented model runs, it is assumed that the 
simulated patch is within a large fire, that is, there is no extemal source of seeds 
from surroundings. 

The Brolla model predicted changes in the relative abundance of the different 
species with changes in the fire recurrence in the NE Iberian Peninsula (Fig. 2.7). 
Quercus showed a progressive decrease in relative abundance, from ca. 70% (NF) 
to less than 5% (F5) of the total basal area. Pinus had its maximum relative abun¬ 
dance (30%) at low and intemediate fire recurrences (NF-F20). Erica and espe- 
cially Cistus increased with increased fire recurrence (FIO and F5). 

Without fire, Brolla predicts a forest dominated by Quercus (oak forest), with 
some Pinus and a very low presence or total absence of Erica and Cistus. With 
high fire recurrence (F5), the model predicts a community (shrublands) dominated 
by Erica and Cistus, with very low abundance or absence of Quercus and Pinus 
(immatures only). At intemediate fire recurrences, the predicted community is 
dominated by Quercus with Pinus (mixed forest) depending on the fire recurrence. 
These results are roughly as expected for eastern Spain (Terradas 1987, Ferran 



Fig. 2.7. Summary of the Brolla simulation results for six scenarios with four species 
groups (named Quercus, Pinus, Cistus, Erica). No fire (NF) and fire every 100 (FIOO), 
40 (F40), 20 (F20), 10 (FIO), and 5 (F5) years. The y-axis represents the mean percent 
basal area of ten replicated simulations for 500 years. From Pausas (1999b). 









The role of fire in European Mediterranean ecosystems 15 


1996), that is, mature oak (e.g. Q. ilex) forest in areas with low fire recurrence, 
pine/oak woodlands (e.g., P halepensis) in areas with higher fire recurrence, and 
shrublands (e.g. Erica multiflora and Cistus sp. pi.) in the highest fire recurrence 
areas. Similar patterns of increasing shrublands and decreasing Quercus commu- 
nities due to increasing fire recurrence are found in other Mediterranean basin 
systems (e.g. Trabaud and Galtié 1996). In a successional study using a chronose- 
quence in the NE Iberian Peninsula (Ferran 1996), Quercus ilex. Pinus halepensis, 
and Cistus salviifolius followed a similar pattern to the one simulated here, al- 
though Erica species were less abundant. That is, Quercus was abundant in the 
mature stands (23 and 35 years since last fire), while Cistus was very abundant in 
the young ones (2 years since fire). Pinus was low in abundance or absent in all 
the chronosequence, and absent in the young stands. A Quercus coccifera garrigue 
in eastern Spain (Ferran et al. 1998) showed a significant decrease in Quercus 
biomass from a plot unburned at least for the last 18 years to similar garrigues 
burnt once, twice, and three times in that period; the cover of Cistus species (bio¬ 
mass was not sampled) showed an opposite trend. Model results are consistent 
with these trends although accurate comparisons are not possible. It is very diffi- 
cult, if not impossible, to verify accurately these types of models because of the 
difficulty in obtaining reliable fire history information at the patch level, and be¬ 
cause of the spatial variability in the response. Current vegetation is a mosaic of 
different patches, with different fire histories and different site (e.g. soil, micro- 
climate) characteristics. 

The land-use history may interfere with the dynamic pattern described here. 
Cultivation requires the uprooting of resprouters, and although land abandonment 
permits new plant colonisation, this is often difficult for many sclerophyllous 
resprouter species because of their low dispersal capacity and/or their requirement 
of an animal vector for dispersal (zoochory) which may not be available in de¬ 
graded lands (Alcåntara et al. 1997). In addition, germination rates and seedling 
survival are often low for these species in degraded drylands, as is the case of 
Quercus rotundifolia (Laguna and Reyna 1990, Pausas 1999a). 

Vegetation dynamic models provide us with some insights into the fate of 
vegetation with changes in fire recurrence, and can be used to test alternative 
management scenarios. However, further work is needed before we can obtain 
reliable models for global change predictions. The main research needed includes: 
the extension to spatially explicit gap models (including realistic dispersion proc¬ 
esses), realistic environmental (especially temperature) response of the species, 
knowledge of key species attributes, and the inclusion of below-ground competi- 
tion. Research on these topics would improve our ability to produce more accurate 
simulation models. 

2.5 

Conciuding remarks 

Large forest fires have spread at an unprecedented rate in Southern Europe 
during the last decades, after dramatic changes in land use and population distri¬ 
bution between urban and rural areas. Similar trends could be predicted for north- 
ern African countries in the future. The challenging questions now are to what 
extent the present fire regime can be modified through suppression and prevention 
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policies, and what might be the consequences for ecosystems and landscape 
structure and dynamics. To gain some insight into these questions, ground-based 
observations should be coupled with remote sensing techniques in order to provide 
the knowledge basis for modelling various management scenarios at the appropri- 
ate scale. 
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Abstract. A description of methods used to determine short-term changes in fire 
danger is reviewed, mainly those based on the estimation of foiiage moisture con¬ 
tent (FMC). Applications of low-resolution data, acquired by the Advanced Very 
High Resolution Radiometer (AVHRR) on board the NOAA satellites, as well 
those based on high-resolution data, are examined. Examples of FMC estimation 
on Mediterranean areas are also presented, both for AVHRR and Landsat-TM 
data. In both cases, sateiiite data provide a higher confidence to estimate FMC in 
grasslands than in shrublands, although in both cases, some variables provide 
significant correlation, especially when the spring season is taken into account. 
The most sensitive variables for FMC estimation are based on short-wave infrared 
bands, and the combination of vegetation indices and surface temperature. 

3.1 

The role of foiiage moisture content in the short-term 
estimation of fire danger 

The estimation of fire danger may be considered on different spatial and tem¬ 
poral scales. This chapter is focused on the contribution of sateiiite remote sensing 
data to estimate fire danger regarding the most dynamic factors of fire ignition or 
fire behaviour, while Chapter 5 deals with long-term trends of fire danger. 

As is well known, forest fire occurrence is a result of three main factors: a heat 
source, a fuel that burns, and oxygen (wind) to propagate combustion. Ignition 
sources may be natural or human-caused, the latter being the most conunon in the 
Mediterranean areas. Fuel refers to the different components of the vegetation 
layer, both live and dead materials. Atmospheric conditions influence both fire 
ignition and propagation, since they increases vegetation dryness and provides 
oxygen for fire propagation. 

Obviously, the contribution of remote sensing to fire danger estimation should 
be centred on determining fuel composition and State. The former addresses the 
question of a better understanding of factors related to vegetation structure, which 
in turn affect fire propagation. These are mainly the compactness, volume to sur¬ 
face ratio, vertical and horizontal continuity, and particle size. Since these vari- 
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ables may present a great variety even in the same vegetation community, fire 
scientists have created fuel models, which summarise vegetation stnictural prop- 
erties in a few types, which can be more easily identified and mapped. The best 
known fuel types are those produced for the American NFDRS (Bradshaw et al. 
1983; Deeming et al. 1977), the Canadian CCFRS (Alexander and McAlpine 
1987) and the Behave fire behaviour program (Andrews 1986; Burgan and 
Rothermel 1984). The contribution of remote sensing data to fuel type mapping 
has been mainly concentrated on high-resolution sensors or aerial photography, 
although some global projects have also been developed (see Chap. 5). 

Another critical parameter of fuel properties related to fire danger refers to its 
water content. The amount of water in the fuels has important effects on both fire 
ignition and fire behaviour. In this respect, fuels refer not only to live plants, but 
also to the dead materials lying on the forest floor. The drying of any of these two 
components (live or dead) increases ignition probability and fire rate of spread. 
Consequently, the estimation of fuel moisture content is taken into account in 
most fire behaviour models (Albini 1985, Andrews and Chase 1990, Hartford and 
Rothermal 1991, van Wagner 1985). The contribution of satellite data to the esti¬ 
mation of moisture content relies on a better understanding of the effects of the 
amount of water on plant reflectance or emittance. The challenge here is to prove 
that changes in reflectance or emittance produced by water content variations are 
distinguishable from other factors, such as soil background reflectance and the 
effects introduced by leaf geometry and observation angles. This chapter presents 
a critical review of what has been done in this direction, and what future sensors 
could offer to this research objective. Since satellite-measured reflectance is much 
more related to leaves than to the wooden parts of the plant, the estimation of fuel 
moisture content is basically related to the foliage conditions, which on the other 
hånd are more sensitive to assess the water status of the plant. Consequently, the 
term foliage moisture content (FMC) will be used throughout this chapter. 

3.2 

The estimation of foiiage moisture content 


In spite of the importance of FMC in fire danger modelling, few operational 
methods have been proposed to estimate this variable. The most reliable are field 
sampling and meteorological moisture codes, but both present shortcomings. 

Undoubtedly, the trustiest method to estimate FMC is based on field sampling, 
since a direct measurement on plant water status is directly performed. However, 
this procedure is costly and does not assure spatial significance. Although FMC 
refers to the whole plant, moisture content is commonly measured only from the 
leaves, at least in live fuels, since wooden parts of the plant are less sensitive to 
atmospheric variations. Several measures of FMC have been proposed (Desbois et 
al. 1997a), the most common being the proportion of wet over dry weight: 


FMC = 
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where is wet weight and Wd dry weight of the same sample. Other measure- 
ments of plant water content (such as the Relative Water Content, RWC, that is a 
function of actual versus potential maximum moisture content) are more common 
than FMC in plant physiology, for instance to determine plant water stress (Grace 
1983). However, FMC is most common in fire-related studies (Brown et al. 1989, 
Viegas et al. 1990), since the actual amount of water is the critical parameter in 
fire behaviour. Different spatial sampling techniques have been proposed for FMC 
measurements, the most typical being transects and quadrats. 

Samples are conunonly composed of leaves for trees and shrubs, while for 
grasslands the whole plant is measured (Desbois et al. 1997a). Samples are 
weighed on the field with portable balances or introduced in ice bags to be 
weighed at the laboratory. Then, these samples are dried in an oven and weighed 
again to compute FMC. The length and temperature of the drying process varies 
among the authors. Some suggest 24 or 48 hours at 60 °C, while some others pro¬ 
pose 24 hours at 100 °C. The former is more secure to avoid loss of oils and es- 
sentials, while the latter is less tedious (Viegas et al. 1998). 

The estimation of FMC from meteorological indices is the most standard 
method used by national forest services and fire behaviour models. In this case, an 
indirect estimation of FMC is pursued, assuming that FMC can be predicted fol- 
lowing atmospheric trends. However, not many studies have actually verified this 
relationship, which may greatly vary among the species depending on their 
physiological properties (especially root length and adaptation to sununer 
drought). For this reason, most meteorological moisture codes available are 
adapted to dead fuels (Deeming et al. 1974, Cheney 1968), which are more clearly 
dependent on atmospheric variability than live plants. On the other hånd, dead 
fuels are the most easily flammable. Although some studies have been carried out 
on the relation between some meteorological codes and FMC (Viegas et al. 1998), 
further research should be devoted to establish more general conclusions. 

In any case, these indices are computed for the locations where meteorological 
stations are available. Therefore, an additional source of error is introduced to 
spatially interpolate these indices. In many cases, weather stations may be quite 
far from fire-prone areas. Consequently, new alternatives to derive FMC informa¬ 
tion would be greatly appreciated by fire managers. 

3.3 

The effect of moisture content on reflectance and 
temperature 

Several laboratory and field analyses have been conducted in the last years to 
improve our knowledge on the effects of water content on vegetation reflectance 
and temperature, which is the basis for applying remote sensing methods to FMC 
estimation. 

Works focused on optical bands have tried to estimate water content from 
variations in leaf reflectance, either from raw spectral data or from synthetic indi¬ 
ces (ratios, tasseled cap, etc.). Thermal studies have related leaf water content to 
evapotranspiration (ET) rates, which can be detected by the cooling effect pro- 
duced by the latent heat loss. 
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Optical reflectance has been related to water content especially in the short- 
wave infrared region (SWIR), between 1.4 and 2.5 pm (Bowman 1989, Cohen 
1991, Hunt et al. 1987, Jackson and Ezra 1985, Ripple 1986, Thomas et al. 1971, 
Tucker 1980). Since these wavelengths present the highest absorption due to wa¬ 
ter, SWIR reflectance is negatively related to leaf water content. In other words, 
the lower the reflectance, the higher the FMC, since water absorbs strongly in this 
spectral band. 

Regarding near-infrared (NIR) reflectance (0.8 - 1.1 pm), conclusions gathered 
by different studies do not completely agree. Some authors find a small increment 
as the leaf dries, which may be caused by the increase in the reffactive index of 
the mesophyll layer when water is replaced by air (Bowman 1989; Hunt and Rock 
1989; Hunt et al. 1987; Thomas et al. 1971). Other authors do not find a signifi- 
cant change in NIR reflectance for leaf drying (Carter 1991), while some others 
measure a clear decrease in reflectance (Westman and Price 1988). This reduction 
may be caused by the indirect effects of leaf dryness, such as the shrinkage in leaf 
area index or shadowing due to leaf curling (Jackson and Ezra 1985, Westman and 
Price 1988). 

Finally, the visible domain does not present a great sensitivity to estimate leaf 
water content, at least in absolute terms. On one hånd, the chlorophyll reduction 
after drying increases reflectance, while on the other the decline in water de- 
creases reflectance. Some authors, though, found that the red band is sensitive to 
water content (Jackson and Ezra 1985; Ripple 1986), while some others did not 
observe significant changes (Bowman 1989, Thomas et al. 1971). 

When these laboratory studies are applied to the use of remote sensing images 
for FMC estimation, models to extrapolate from leaf to canopy reflectance are 
required. In this regard, some authors emphasise the difficulties in estimating plant 
water content from remote sensing measurements, since they consider that the 
contribution of leaf water is too weak with respect to other factors affecting plant 
reflectance: leaf geometry, shadows, soils, etc. (Carter 1991, Cohen 1991). How- 
ever, other authors have found high correlation between leaf water content and 
canopy reflectance (Cibula et al. 1992, Hunt and Rock 1989, Hunt et al. 1987, 
Westman and Price 1988). 

An alternative to determine FMC is the analysis of plant thermal dynamism. 
Rises in air temperature will also increase evapotranspiration rates when water is 
available to the plant. This increase in latent heat reduces sensible heat, and con- 
sequently decreases leaf temperature. On the contrary, when the plant dries, tran¬ 
spiration is reduced and, consequently, so does latent heat, whereas sensible heat 
increases simultaneously (Kozlowski et al. 1991). As a result of this relation, the 
difference between air and surface temperature should be clearly related to plant 
water content and to water stress. Several indices have been proposed based on 
this difference and on other weather variables (net radiation, air humidity, wind 
data, etc.). The most currently used are the Stress Degree Day (SDD) (Jackson 
1986), the Crop Water Stress index (CWSI) (Jackson et al. 1981), the Water Stress 
Index (WSI) (Vidal et al. 1994) and the Water Deficit Index (WDI) (Moran et al. 
1994). The WSI and WDI have been successfully tested as a predictor of fire dan¬ 
ger with, respectively, NOAA-AVHRR and Landsat-TM data (Vidal et al. 
1994,Vidal and Devaux-Ros 1995). 
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3.4 

The use of low resolution data for foliage moisture 
estimation 

The estimation of FMC from satellite data has been attempted both with high 
and low resolution sensors. The former reduce one factor of noise in quantitative 
correlation with field data, since they provide better accuracy in locating the land 
plots (Vidal and Devaux-Ros 1995). The latter offer a higher temporal resolution, 
and therefore are more likely to be used operationally, since forest managers re- 
quire frequent updates of FMC. 

The most commonly used sensor in FMC estimation has been the Advanced 
Very High Resolution Radiometer (AVHRR) on board the NOAA satellite series. 
This sensor was initially launched in 1979, and since then it has been included in 
the different missions of NOAA satellites (Cracknell 1997). Currently, it is opera¬ 
tional on the NOAA-12, 14 and 15 satellites. AVHRR images are acquired twice a 
day, at a 12-hour interval. The NOAA-12 and 15 acquire AVHRR images over the 
Mediterranean at 8:30 and 20:30 GMT (approximately), while NOAA-14 operates 
at 2:30 and 14:30 GMT. The latter is the most widely used in FMC estimation, 
since it is doser to the period of maximum temperature and therefore observes the 
most dangerous conditions. 

Direct estimation of FMC from AVHRR data has been attempted with grass- 
lands in Australia (Chladil and Nunez 1995, Paltridge and Barber 1988, Paltridge 
and Mitchell 1990) and the USA (Eidenshink et al. 1990, Hartford and Burgan 
1994). Grasslands are more efficiently observed than other fuels by remote sens- 
ing methods, since their surface is more homogeneous and is mostly covered by 
leaves, with very little or no proportion of woody materials, which are less sensi¬ 
tive to atmospheric variations. Additionally, grasslands are in many cases annual 
plants and have less root length. Therefore, they are more dependent on seasonal 
conditions than shrubs or trees. The referred works have found good agreements 
between FMC of grassland and AVHRR multitemporal series. Images from the 
spring and the summer season have been used to consider a wider range of green- 
ness conditions. Correlation with vegetation indices (particularly the Normalised 
Difference Vegetation Index, NDVI) was generally found to be significant, with 
positive trends (the higher the NDVI, the higher the FMC). Experiences with 
shrubs have been less successful, with diverse trends regarding the different spe¬ 
cies analysed. In a pilot work developed in the South of Spain good correlations 
were found for Cistus ladanifer and Rosmarinus officinalis, two very common 
Mediterranean species, while Erica australis offered poorer trends (Alonso et al. 
1996). In this case, a ratio of NDVI and Surface Temperature (ST) pro vided the 
best results. 

Additional studies have also suggested the use of AVHRR data to monitor fire 
danger (Desbois et al. 1997b). Observed fire occurrence is put in relation with 
multitemporal trends of AVHRR images acquired before the fire, assuming they 
contain information on vegetation dryness, an important factor in fire danger 
(Gonzålez et al. 1997, Illera et al. 1996, Lopez et al. 1991, Prosper-Laget et al. 
1994, Prosper-Laget et al. 1995, Vidal et al. 1994). These studies propose different 
techniques to emphasise the multitemporal decrease in vegetation vigour, mainly 
by using indices based on the measure of change from previous period s (Gonzålez 
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et al. 1997, Illera et al. 1996, Lopez et al. 1991). An assessment of their methods is 
performed by comparing changes in NDVI or ST with fire occurrence, but actual 
field estimations of FMC are not performed. This approach may be considered an 
indirect validation of their methods, since fire occurrence is not always related to 
FMC. Fire danger is a conjunction of different factors, both physical and human- 
caused. Satellite data can only assess vegetation dryness (or, to be precise, mois¬ 
ture content), but other factors related to fire ignition or fire propagation cannot be 
directly deri ved from satellite observations. Fire only occurs when an ignition 
cause is present, even if FMC is not critically low. On the other hånd, critical 
levels of FMC may not necessarily lead to fires, if other factors of risk do not 
appear. 

A very sound approach to integrated analysis of fire danger is ba^ed on the 
combination of satellite data and meteorological danger indices. The former would 
inform on live fuel conditions, while the latter would provide an estimation of 
FMC for dead fuels. Theoretical frameworks are available (Burgan et al. 1998), 
but additional research is required to obtain a proper integration of these two 
sources of information (Aguado et al. 1998, Burgan and Hartford 1993, Burgan et 
al. 1998). 


3 . 5 . 

Application of NOAA-AVHRR data to FMC estimation 

3.5.1 

Study areas 

Within the framework of the Megafires project, (FMC) measurements have 
been carried out in 1996 and 1997 in three study areas (Cabaneros, Spain; Les 
Maures, France and Chalkidiki, Greece: Fig. 3.1) and compared with NOAA- 
AVHRR-derived indices. An additional set of FMC measurements performed in 
France by the French National Forestry Board (ONF) has been made available and 
has been added to the protocol. 

The Spanish test site, Cabaneros National Park, covers 40,000 ha and is located in 
central Spain, in the autonomous community of Castilla-la Mancha. It is composed of 
three main units of vegetation: forest of Quercus suber, Q. rotundifolia and Q. 
faginea, shrublands with Arbutus unedo, Rosmarinus officinalis, Phillyrea angustifo- 
lia, Pistacia terebinthus, Erica australis, E. umbellata and Cistus ladanifer, and 
grasslands. Elevation ranges from 500 to 1043 m. The sampling scheme developed 
for the Megafires project comprised three plots of grasslands, two of shrublands 
and one plot with Q. faginea (in 1997 only). The FMC measurements were carried 
out every 8 days from April to September, according to the protocol designed for the 
project (Desbois et al. 1997a). 

The Greek test site is situated in the Prefecture of Chalkidiki (North Central 
part of Greece). In this prefecture, and more precisely on the Sithonia peninsula, 5 
test sites were selected for foliage moisture measurements with an 8-day periodic- 
ity. Three test-land plots (A, B and C), with slopes varying from 10% to 60%, are 
dominated by Quercus coccifera, alone or with Q. ilex, totalling from 40% to 60% 
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Fig. 3.1. General location of the study areas. 


of the cover, the rest being composed of other species like Årbutus, Erica or Juni- 
perus. The two other test-land plots have gentie slopes and are completely covered 
with one shrub species, Cistus sp. 

The first French test-land plot is the forest massif of Les Maures, which is lo- 
cated in the Département du Var (southeastern France) and covers almost 90,000 
ha. Elevation ranges from 0 to 780 m and the topography is rough. Well individu- 
alised and rather homogeneous, this area is mainly covered by cork oak (Quercus 
suber), in association with holm oak {Q. ilex) and pines {Pinus halepensis, P. 
pinaster) and various types of shrubs, especially Erica arborea and Årbutus un- 
edo. In this massif, the INRA, the French Agronomic Research Institute, has es- 
tablished an experimental station, where Erica and Årbutus FMC (and inflamma- 
bility) have been monitored every summer since 1989 (Valette 1990). In order to 
study the spatial variations of FMC, from 1995 onwards, an additional network of 
13 plots was established in shrublands all over the massif, where the FMC of the 
same two species have been measured twice a week. On the plot situated near the 
experimental station, the FMC of Erica is measured five times a week, instead of 
two (Moro 1996). 

Additionally, a second set, or network, of French test-land plots has been used. 
This network, funded by the Délégation å la Protection de la Foret Méditer- 
ranéenne, is operated by ONF. It covers the whole French Mediterranean zone, 
comprising 15 départements. The aim of this network is, as an operational support 
to fire fighting authorities, to monitor the evolution of foliage moisture on a re¬ 
gional (85,000 km^) and département scale (i.e. for an area of about 6,(X)0 km^). 
The experiment is based on the INRA experience on Les Maures, but concerns a 
greater number of species and a larger area. Thirty measurement points were cho- 
sen, located within a 10-km radius from a meteorological station, within a homo¬ 
geneous forest massif representative of the département. For each point, two shrub 
species, typical and dominant in the area, were selected and sampled. The more 
represented species, at least on two land plots, are one tree {Quercus ilex) and 
different shrubs {Cistus monspelliensis, C. albidus, Erica arborea, Rosmarinus 
ojficinalis; Genista cinerea, Quercus coccifera and Juniperus oxycedrus). FMC 
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measurements are performed on these species twice a week, on Mondays and 
Thursdays, from July to September. Thirty six hours after collection, the FMC 
data are supplied to the local and regional fire fighting authorities. 

3.5.2 

Satellite data processing 

AVHRR images were acquired daily from the afternoon pass of NOAA-14 sat¬ 
ellite. The study period comprised from 1 June to 30 September 1996 and 1997, 
between 12:30 to 15:30 (GMT), which is the time of maximum vegetation dry- 
ness. Additional images were purchased over the Iberian Peninsula to cover two 
spring months (April and May) in which FMC samples were available. ^ 

The pre-processing chain applied on the images, detailed in Vidal et al. (1997), 
consisted of the folio wing steps: 

• calibrating visible and near infrared bands (channels 1 and 2) to convert the 

raw digital counts into reflectance at the top of atmosphere, 

• splitting the middle infrared band’s (channel 3) total radiance into its emitted 

and reflected components, 

• converting the digital counts of thermal infrared bands (channels 4 and 5) into 

radiance and then from radiance to surface temperature, 

• correcting the geometry of the images using the SGP4 orbital model. 

After preprocessing, the images have 8 channels: VIS, NIR, MIR reflective 
component, MIR emitted component, T4, T5, ST, NDVI. In 1997, a view angle 
channel was added. These channels have been used to compute several indices 
mentioned in previous fire danger studies. The main steps of the processing, de¬ 
tailed in Desbois et al. (1997b), were the following: 

1. Image subset and manual registration: after standard registration through 
the SGP4 orbital model, the residual position error of the images reached 3 
or 4 pixels, which was not satisfactory. Therefore, a subset of each daily 
image was extracted over each study area and a manual geometric shift has 
then been performed to register it with coast lines (or ground control points 
when available). 

2. Selection of good quality images. Different defects affected the pre- 
processed images: cloud cover, high incidence angle, bad junction in mo- 
saics, missing data. A visual examination of the images and of the NDVI 
and ST temporal profiles of each study land plot was carried out to detect 
and eliminate unsuitable images. 

3. Generation of maximum value composite images. Besides daily images, 
Maximum Value Composites (MVC) images were generated. Though 
somewhat too long for an operational application, and slightly below the 9- 
day revisit periodicity of AVHRR, but in accordance with the FMC sam¬ 
pling periodicity, a composite period of 8 days for Greece and Spain, and 7 
days in France was chosen. The MVC was processed by assigning to each 
pixel: (a) the maximum NDVI of this pixel for the 8-day (or 7-day) period, 
and (b) the ST of the day where the NDVI was maximum. For France, due 
to the multi-weekly rhythm of measurements, different independent sets of 
MVC were prepared, one for each day of measurement per week, with 
composite periods ending on that day. 



Foliage moisture content estimation from satellite data 25 


4. Indices calculation. Three different types of indices were tested, related to 
vegetation indices, to surface temperature or to a combination of both. The 
first type included se veral vegetation indices (NDVI, Rouse et al. 1974, 
SAVI, Huete 1988, and GEMI, Pinty and Verstraete 1992), as well as indi¬ 
ces derived from multitemporal series of NDVI —hereafter named multi- 
temporal NDVI indices: GRNrei, GRNabs and SM, Eidenshink et al. 1990, 
and cumulated decrements of NDVI (ARND, Lopez et al. 1991). A second 
category was based on the thermal behaviour of the vegetation as an indi- 
cator of its water stress. Thermal infrared data are then directly used (ST) 
or combined with meteorological data - especially air temperature - to es- 
timate vegetation water stress (surface minus air temperature ST-AT, water 
stress index WSI, Vidal et al. 1994). A third category is based on the com¬ 
bination of vegetation indices and thermal data (NDVI/ST, Alonso et al. 
1996). 

5. Validation of satellite indices with ground data. Fire danger indices derived 
from NOAA-AVHRR were computed on 3x3 pixel areas centred on each 
sampling land plot (to minimise the consequences of residual misregistra- 
tions) and then correlated with the FMC measured on the same day (for 
daily computed indices), or measured at the end of the 8-day (or 7-day) pe- 
riod (for indices computed with temporal composite values). 

The results are presented in the folio wing section. For presentation clarity the 
subsequent typographic conventions have been used in Tables 3.1 to 3.8: 

• numbers in italics (ex. 0.62) represent correlation with sign opposite to ex- 

pected, 

• numbers in plain font (ex. 0.62) represent correlation with the expected sign, 

• bold numbers (ex. 0.62) represent correlation significant at a 95% level of 

confidence, 

• underscored numbers (ex. 0.62 or 0.62) indicate the index which is the highest 

in a line, i.e. the best performer for the (group of) land plot(s) of that line. 


3.5.3 

Results on the Chalkidiki study area 

The correlation between foliage moisture and satellite data on Chalkidiki study 
area in 1996 are shown in Table 3.1 (daily data) and Table 3.2 (MVC data). First a 
general remark, valid for all validation land plots, has to be made in the interest of 
greenness indices, GRNrei, GRNabs and SM. GRNabs is a linear combination of 
NDVI with fixed coefficients, and therefore presents correlation coefficients 
which are exactly the same as with NDVI. This index is of great interest to com- 
pare among land plots (spatial correlation), but this is not the object of this study. 
Therefore, results from this index have been dropped from the tables. GRNrei is a 
linear combination of NDVI too, but with coefficients depending on the land plot: 
for an individual land plot it gives the same results as the NDVI and only for a 
group of land plots is it therefore worth being computed. The same is valid for 
SM, linear combination of GRNrei and GRNabs. 

For daily data (Table 3.1), all the correlation values offer the expected sign 
(but 2 out of 35): correlation of FMC is positive with NDVI and derived indices. 
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and negative with ST. Furthermore, these correlation coefficients are statistically 
significant for two of the five land plots, land plots D and E, which present a 
shrubby and homogeneous cover, with Cistus only. The global results (all land 
plots together) are also significant for all satellite indices. Regarding the different 
types of indices, NDVI-derived indices behave more coherently than the ST index. 
The correlation with maximum value composite (Table 3.2) are similar to those 
obtained with daily data. The results are even generally better with the less homo¬ 
geneous land plots (land plots A to C) two of which (land plots A and B) now 
show a significant correlation with at least one index. The ST index is still the less 
homogeneous index, with one positive (instead of negative) correlation. 


Table 3.1. Pearson correlation coefficients between FMC and AVHRR-derived 


indices on Chalkidiki (Year 1996, daily data) 


Land 

plot 

Sample 

size 

NDVI 

GRNrel 

SM 

SAVI 

GEMI 

ST 

NDVI/ST 

A 

6 

0.50 

0.50 

0.50 

0.47 

0.39 

0.63 

0.07 

B 

8 

0.07 

0.07 

0.07 

0.39 

0.31 

0.02 

0.07 

C 

7 

0.17 

0.17 

0.17 

0.19 

0.26 

-0.54 

0.49 

D 

8 

0.89 

0.89 

0.89 

0.90 

0.84 

-0.58 

0.91 

E 

8 

0.84 

0.84 

0.84 

0.82 

0.79 

-0.65 

0.88 

All 

37 

0.44 

0.36 

0.41 

0.55 

0.43 

-0.43 

0.49 


See typographic convention at the end of § 3.5.2 


Table 3.2. Pearson correlation coefficients between FMC and AVHRR-derived 


indices on Chalkidiki (Year 1996, Maximum Value Composite data) 


Land plot 

Sample 

size 

NDVI 

GRNrel 

SM 

ST 

NDVI/ST 

A 

10 

0.54 

- 

- 

-0.66 

0.76 

B 

10 

0.73 

- 

- 

0.19 

0.56 

C 

10 

0.45 

- 

- 

-0.26 

0.47 

D 

10 

0.75 

- 

- 

-0.69 

0.84 

E 

10 

0.90 

- 

- 

-0.88 

0.97 

All plots 

50 

0.67 

0.54 

0.61 

-0.59 

0.65 


See typographic conventions at the end of § 3.5.2. 











Folfage moisture content estimation from satellite data 27 


3-5.4 

Results on the Cabaneros study area 

In the 1996 data analysis (Table 3.3), expected correlation coefficients are con- 
firmed for ST, ST-AT and NDVI/ST indices. ST shows a negative correlation with 
all species, although Erica australis and Arbutus unedo offer low valnes. Similar 
trends were found with surface minus air temperature (ST-AT). The ratio of NDVI 
to ST presents the highest correlation among all the satellite variables for grass- 
lands, but ST presents better relations in shrublands. 

Regarding vegetation indices, they present a positive sign in their correlation 
with grasslands, but a negative with shrubs. This may be caused by a shading 
effect, because while grasslands were sampled in very flat terrain, shrub plots 
were situated in a rougher area. As a consequence, these plots presented lower 
NDVI valnes in the spring season, despite the faet that NDVI is supposed to at- 
tenuate shading effeets. Apparently, ST and ST-related indices are not so se verely 
affeeted by shading. The two other vegetation indices show the same trend. The 
SAVI and GEMI perform slightly better than the NDVI in grasslands, but even 
worse in shrublands {Cistus ladanifer and Rosmarinus offtcinalis), in which they 
show highly negative correlation (the opposite sign to what should be expected). 

Data from 1997 offer a more logical trend with all indices (Table 3.4), 
every species presenting the expected sign in the correlation. NDVI/ST performs 
slightly better than ST, offering the best correlation with FMC among all the sat¬ 
ellite indices, with all correlation coefficients being significant, and with grassland 
having the highest r-values. Vegetation indices present now the expected sign in 
the correlation. It should be noted that the plots of shrub were moved in 1997 to a 
flatter terrain, less affeeted by changes in solar illumination. Among the different 
vegetation indices, the SAVI performs slightly better than the NDVI with most 
species, the GEMI offering an intermediate value. 


Table 3.3. Pearson correlation coefficients between FMC (dry basis) and 
AVHRR-derived indices in Cabaneros (Year 1996, Maximum Value Composite 
data) 


Site/Species 

Sample 

size 

NDVI SAVI 

GEMI 

ST ST-AT 

NDVI/ST 

Grassland 1 

21 

0.838 0.881 

0.853 

-0.780 -0.744 

0.929 

Grassland2 

21 

0.760 0.844 

0.805 

-0.796 -0.707 

0.905 

Grassland3 

21 

0.592 0.549 

0.314 

-0.754 -0.683 

0.870 

Rosmarinus 

officinalis 

21 

-0.494 -0.715 

-0.730 

-0.723 -0.751 

0.499 

Cistus ladanifer 1 

21 

-0.431 -0.739 

-0.763 

-0.728 -0.769 

0.543 

Cistus ladanifer 2 

21 

-0.132 -0.436 

-0.521 

-0.704 -0.694 

0.639 

Erica australis 

21 

0.079 -0.015 

-0.082 

-0.201 -0.050 

0.180 

Arbutus unedo 

21 

0.199 -0.085 

-0.175 

-0.068 -0.154 

0.087 


See typographic convention at the end of § 3.5.2. 
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Table 3.4. Pearson correlation coefficients between FMC (dry basis) and 
AVHRR-derived indices in Cabaneros (Year 1997, Maximum valne composite 
data) 


Land plot / Species 

Sample 

size 

NDVI 

SAVI 

GEMI ST ST-AT NDVI/ST 

Grasslandl 

22 

0.713 

0.765 

0.784 -0.765 -0.694 

0.889 

Grassland2 

22 

0.589 

0.722 

0.722 -0.768 -0.572 

0.776 

Grassland3 

22 

0.406 

0.521 

0.484 -0.762 -0.643 

0.725 

Rosmarinus 

officinalis 

22 

0.423 

0.451 

0.268 -0.475 -0.403 

0.492 

Cistus ladanifer 1 

22 

0.498 

0.628 

0.412 -0.594 -0.676 

0.624 

Erica umbelata 

22 

0.360 

0.279 

0.009 -0.409 -0.580 

0.464 

Cistus ladanifer 2 

22 

0.703 

0.684 

0.522 -0.615 -0.581 

0.678 

Erica australis 

22 

0.645 

0.810 

0.738 -0.580 -0.588 

0.658 

Quercus faginea 

22 

0.388 

0.269 

0.001 -0.603 -0.590 

0.603 


See typographic convention at the end of § 3.5.2. 


3.5.5 

Results on the Les Maures study area 

On the Les Maures test site, only the results obtained in 1996 will be presented, 
as 1997 presents a reduced availability of field and satellite data due a very dry 
spring (spring shoots missing on dry land plots) and a very humid August (cloud 
cover and rains). Correlation of FMC with daily data will be presented first, fol- 
lowed by correlation with MVC data. 

The correlation between foliage moisture of Erica arborea and AVHRR- 
derived indices for daily data of 1996 are shown in Table 3.5. The fourth column 
of this table shows the correlation between FMCs of Erica arborea and Arbutus 
unedo. The correlation of the latter is rather high, which can be first interpreted as 
an indication of the local coherence of these FMC measurements. Secondly, this 
good correlation between the FMCs of the two species explains why the correla- 
tions of AVHRR-derived indices with Arbutus are very similar to the ones ob¬ 
tained with Erica, and are therefore not presented here. 

A second remark on Table 3.5 has to be made on the sample size. Whereas the 
maximum possible size for an individual land plot could be around 24 (3 months x 
4 weeks x 2 measurements per week), the sample sizes observed vary between 5 
to 10. Two reasons are found for this: first, many images had to be eliminated due 
to cloud cover, or a too oblique view angle; and secondly, FMC measurements 
falling on days following rain when foliage was wet had to be cancelled. 

The results will be analysed along two axes: according to land plot, or group of 
land plots, or according to satellite index. As regards analysis by land plot, in 
Table 3.5, the results are first presented land plot by land plot, then with a partial 
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regrouping by moisture level, following INRA classification (Moro 1996), with 
fresh (7 land plots), dry (5 land plots) and an intermediate moisture land plot (land 
plot 6), and a final regrouping with all land plots together (13 land plots). 

The important faet to notice is the difference in the significance of the correla- 
tion obtained with individual land plots and groups of land plots: generally a land 
plot does not present any significant correlation coefficient (except with the 
ARND index, and land plots 3 and 10), but groups of land plots (almost) always 
have several significant correlation coefficients. The effeet seems due not to the 
faet that the correlation coefficient inereases, but that, staying at the same level, it 
becomes significant because the inerease in the sample size lowers the threshold of 
significance. This is also the case with Erica arborea on land plot 5, near the INRA 
experimental station, with a higher sample size due to its particular 5 time^ per 
week sampling scheme. 

Table 3.5. Pearson correlation coefficients between Erica arborea fuel moisture (dry 
basis) and AVHRR-derived indices on Les Maures (Year 1996, Daily data) _ 

Plot Plot Sample FMC- Correlation with NOAA AVHRR-derived indices 


type 

# 

size 

AU 

NDVI 

CRN 

rel 

SM 

SAVI 

GEMI 

ARND 

ST 

NDVI 

/ST 

WSI 


1 

10 

0.96 

0.46 

- 

- 

0.52 

0.47 

0.66 

-0.01 

0.29 

-0.21 


2 

10 

0.87 

0.55 

- 

- 

0.66 

0.61 

0.72 

0.17 

0.29 

-0.20 


5 

28* 

0.85 

0.49 

- 

- 

0.49 

0.40 

0.61 

-0.15 

0.39 

-0.16 

c« 

B 

'S 

7 

7 

0.91 

0.42 

- 

- 

0.39 

0.32 

0.55 

0.37 

0.07 

-0.27 

Æ 

c« 

8 

7 

0.94 

0.57 

- 

- 

0.28 

0.16 

0.67 

0.40 

-0.02 

-0.04 















10 

5 

1.00 

0.55 

- 

- 

0.41 

0.27 

0.70 

-0.03 

0.37 

-0.67 


12 

8 

0.99 

0.39 

- 

- 

0.60 

0.54 

0.66 

-0.02 

0.22 

-0.21 


All 

fresh 

75 

0.90 

0.45 

0.30 

0.35 

0.39 

0.29 

0.52 

0.00 

0.26 

-0.20 

Int. 

6 

5 

0.74 

0.77 

- 

- 

0.63 

0.46 

0.88 

-0.08 

0.54 

-0.63 


3 

9 

0.94 

0.77 

- 

- 

0.72 

0.57 

0.87 

-0.20 

0.61 

-0.35 


9 

5 

0.98 

0.75 

- 

- 

0.69 

0.53 

0.87 

-0.01 

0.51 

-0.51 

CA 

B 

11 

8 

0.97 

0.52 

- 

- 

0.62 

0.49 

0.68 

-0.42 

0.54 

-0.59 

b 

Q 

13 

8 

0.96 

0.61 

- 

- 

0.66 

0.55 

0.73 

-0.23 

0.50 

-0.32 


15 

10 

0.80 

0.48 

- 

- 

0.23 

0.12 

0.36 

-0.64 

0.62 

-0.68 


All 

dry 

40 

0.91 

0.62 

0.59 

0.61 

0.56 

0.42 

0.59 

-0.41 

0.58 

-0.54 

All plots 

120 

0.90 

0.41 

0.36 

0.38 

0.39 

0.30 

0.29 

0.11 

0.31 

-0.25 


* Site 5 = Les Maures experimental station, 5 measurements per week on Erica 
Int.: Intermediate moisture site; FMC-AU\ Correl. with FMC oiArbutus unedo. 
See typographic convention at the end of § 3.5.2. 
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When analysing the performance of indices, the best performer, way ahead of 
the others (in 12 out of 13 individual land plots), is the cumulated relative NDVI 
decrement, ARND. It is always behaving as expected, showing a positive correla- 
tion with FMC, and contrary to others, its correlation coefficient is very often 
significant, even with small sample sizes. A group of second-best performers 
comprises other vegetation indices, NDVI, multitemporal NDVI indices (GRNrel, 
GRNabs and SM) and SAVI, always positively correlated with FMC. On the 
lower side, the index that performs worst is ST. In about one third of the cases, it 
shows a positive correlation with FMC, whereas a negative correlation is expected. 
Another thermal-based index, WSI, behaves better than ST, with correlation coef- 
ficients of the appropriate sign, but only a few are significant. The other indices, 
GEMI and NDVI/ST, show an intermediate efficiency, better than ST and WSI 
but less efficient than ARND, and even NDVI or multi-temporal-NDVI indices. 

Regarding trends between FMC and MVC data on Les Maures, only correlation 
with Erica are presented here (Tables 3.6 and 3.7), the correlation with Arbutus 
following the same pattern. The tables present the results obtained with one of 
the two series of MVC data, the one with compositing periods ending on Thurs- 
days, where the correlation with the other series presents only minor differences 
and variations. As with correlation with daily data (Table 3.5), correlation with 
MVC data for group of land plots (Table 3.7, all the fresh land plots, all the dry 
land plots, all the land plots) are significant for many indices. But regarding indi- 


Table 3.6. Pearson correlation coefficients between Erica arborea FMC and 
AVHRR-derived indices on Les Maures (Year 1996, individual sites, MVC peri¬ 
ods ending on Thursdays) 

Plot 

type 

Plot- 

series 

Sample 

size 

NOAA AVHRR-derived indices 

NDVI 

ARND 

ST 

NDVI/ST 

WSI 


1 

10 

0.68 

0.70 

-0.24 

0.44 

-0.40 


2 

10 

0.75 

0.79 

-0.44 

0.66 

-0.64 


5 

10 

0.57 

0.80 

-0.59 

0.67 

-0.70 

Fresh 

7 

10 

0.49 

0.66 

-0.41 

0.54 

-0.53 

sites 









8 

10 

0.49 

0.62 

-0.28 

0.40 

-0.36 


10 

10 

0.52 

0.61 

-0.57 

0.63 

-0.58 


12 

10 

0.47 

0.55 

-0.48 

0.57 

-0.56 

Intermediate 

6 

10 

0.60 

0.77 

>0.66 

0.71 

-0.63 


3 

10 

0.77 

0.63 

-0.65 

0.79 

-0.72 


9 

10 

0.72 

0.86 

-il. 

0.80 

-0.44 

Dry sites 

11 

10 

0.85 

0.54 

-0.66 

0.78 

-0.69 


13 

10 

0.79 

0.83 

-0.78 

0.88 

-0.81 


15 

10 

0.85 

0.84 

-0.76 

0.87 

-0.79 


See typographic convention at the end of § 3.5.2. 
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vidual land plots (Table 3.6), the coefficient is now significant for different indi- 
ces, particularly for the dry land plots and for a number of fresh ones. 

Regarding index performance, the performance obtained with daily data is re- 
produced with MVC, but with more numerous significant coefficients. Globally 
for individual land plots, ARND is still the best performer, followed by NDVI/ST 
and NDVI. Then come WSI and ST. For groups of land plots, multi-temporal 
NDVI indices (GRNrel and SM), ARND and NDVI/ST are the best performers, 
but none is clearly above the others. 

Table 3.7. Pearson correlation coefficients between Erica arborea FMC and 
AVHRR-derived indices on Les Maures (Year 1996, regrouped land plots, MVC 
periods ending on Thursdays) 


Plot 

Sample 


NOAA AVHRR-derived indices 


type 

size 

NDVI 

GRNrel 

SM 

ARND 

ST 

NDVI 

/ST 

WSI 

Fresh 

plots 

70 

0.48 

0.53 

0.52 

0.35 

-0.35 

0.46 

-0.41 

Dry plots 

50 

0.69 

0.73 

0.72 

0.78 

-0.71 

0.77 

-0.68 

All plots 

130* 

0.40 

0.43 

0.43 

0.42 

-0.35 

0.42 

-0.38 


* including land plot 6, with intermediate moisture 
See typographic convention at the end of § 3.5.2. 


3.5.6 

Results on ONF land plots 

Table 3.8 presents the correlation between NOAA-derived indices from MVC 
data and the foliage moisture of the most represented species in the ONF network. 
Results from 1997, the second year of operation of this network, are presented 
because the data analysis of the first year of operation (1996) resulted in 1997 in a 
greater homogeneity in the FMC data collection. This is due to the shifting of 
some of the 30 plots and a stricter application of the protocol. This was not an 
easy task for a network covering a total area of 84,850 km^, and in an operation 
carried out by 15 different teams, one in each the 15 Mediterranean départements 
of the region. 

The results are positive and coherent with all the preceding ones. All correla¬ 
tion coefficients, except 2 out of 48, are of the expected sign. In the same way, 
every species has at least one index in which its correlation coefficient is signifi¬ 
cant at a 95% level of significance. Two species, Cistus monspelliensis and Erica 
arborea, present correlation coefficients all of which are significant. 

Regarding the comparative performance of the different indices, there are rather 
good performers in every family of index (vegetation indices, surface temperature 
or mixed), but none is above the others. ARND is still the best, but only with a 
short margin, and what is more, it is the one that presents the only two cases of 
incoherent correlation (sign opposite to expected). In contrast, ST, NDVI/ST and 
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NDVI are significant in 5 or 6 land plots out of 8, and the best performers on 2 
land plots each. 

Table 3.8. Pearson correlation coefficients between FMC of different species of 
the ONF network and AVHRR-derived indices (Year 1997, Maximum Value 
Composite data) 

Species 

Number 
of plots 

Sample 

size 

NDVI 

CRN 

rel 

SM 

ARND 

ST 

NDVI 

/ST 

Cistus monsp. 

6 

49 

0.35 

0.30 

0.32 

0.49 

■0.52 

0.48 

Quercus ilex 

4 

35 

0.48 

0.32 

0.35 

-0.20 

-0.39 

0.45 

Rosmarinus offi. 

4 

34 

0.32 

0.40 

0.40 

0.58 

-0.55 

0.46 

Cistus albidus 

4 

33 

0.15 

0.02 

0.05 

-0.08 

-0.71 

0.49 

Erica arborea 

4 

30 

0.62 

0.36 

0.45 

0.50 

-0.45 

0.58 

Genista cinerea 

3 

24 

0.50 

0.18 

0.27 

0.50 

-0.50 

0.60 

Quercus coccif. 

3 

23 

0.46 

0.37 

0.40 

0.59 

-0.20 

0.33 

Juniperus oxyc. 

2 

18 

0.30 

0.03 

0.09 

0.63 

-0.27 

0.28 


See typographic convention at the end of § 3.5.2. 


3.5.7 

Discussion 

The results obtained are satisfactory, demonstrating that in a variety of land 
plots, a number of NOAA-AVHRR-derived indices are significantly correlated 
with the foliage moisture content of a variety of species. However, the results 
present a certain heterogeneity: for some plots or some species, no index was 
found significantly correlated, and it is difficult to single out the index that would 
prove to be the best overall performer, and as such could support an operational 
application. 

Three main reasons can be found for this. A first one lies in some aspects 
linked to the change of scale. As explained earlier, the FMC protocol is a heavy 
one, particularly if you want to cover a certain number of plots during the 2 to 3- 
hour window corresponding to the maximum vegetation stress. The protocol 
adopted in this project, built on the experience of a team working on the subject 
since 1989 (Valette 1990, Moro et Valette 1996), has proved to be reliable. The 
measurements are made on 100x100 m plots, selected as being representative of a 
larger area. However, the soundness of this representativity has not been studied 
yet. In other words, the variability of the moisture of the vegetation within a 
NOAA pixel has not been tested. The foresters have developed a certain knowl- 
edge on the fertility of forest land plots, which can depend on many parameters 
like the nature of rock type, slope, aspect, etc. However, the spatial variations of 
these parameters cannot be known without intensive field campaigns. As a conse- 
quence the representativity of the 100x100 m plot in relation to the 1-km NOAA 
pixel cannot be ascertained. This aspect will need to be studied in a near future. 
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A second factor linked to the quality of AVHRR data has had consequences 
that amplify this problem of change of scale. It is linked to two characteristics of 
this sensor. The first concerns the variation in the size of the AVHRR pixel (from 
1.1 km at nadir to around 2.5 by 6.5 km on the margins of the swath) and the sec¬ 
ond has to do with the residual imprecision in the accuracy of the location of the 
pixel. These characteristics make it necessary to compute indices, not on one 
pixel, but on a 3x3-pixel window, with the consequence that, due to the bigger 
area sensed, the problem of spatial heterogeneity is even more acute. In this re- 
spect, the use of the recently launched VEGETATION sensor should pro ve inter- 
esting, as it offers a 1-km resolution, constant across the swath, and an improved 
georeferencing, within 0.4 km, that would allow us to compute indices on one 
pixel, and not on a 3x3-pixel window. 

A third important reason for obtaining bad results refers to the correlation ob- 
tained with MVC data. It is linked to the faet that the association of a measure- 
ment done on one day with an MVC computed on a 7-or 8-day period may end up 
with EMC and satellite data that do not match. This is particularly the case if the 
weather is variable during the week, resulting in different conditions of the vege¬ 
tation. This was the case in France during the 2 years the project lasted, with un- 
usually rainy periods during summer. Furthermore, AVHRR data taken on 7, 8 or 
10 consecutive day s are acquired with different view angles that cause bi- 
directional effeets, i.e. noise, on data of the Optical domain. Models that can cor- 
rect a great part of these bi-directional effeets have recently been developed, and 
additional research has to be conducted to test their use in improving of the quality 
of MVC, the need being the same with AVHRR as with VEGETATION data. 

3.5.8 

Conciusion 

The results presented above, obtained within the framework of the EU- 
supported Megafires project, represent one of the first attempts to correlate daily 
acquired low resolution satellite data with a vegetation parameter critical in a 
forest fire context, the moisture content of living foliage, and all this on a signifi- 
cant European scale. This means that the validation of the satellite-derived indices 
was based on the measurements of foliage moisture content of different species 
carried out during 2 years on four networks of test-land plots situated in three 
Mediterranean countries. 

From a methodological point of view, NOAA-AVHRR-derived indices have 
proved to be useful to monitor foliage moisture content as significant correlation 
have been obtained on the four test-land plots. Depending on the test-land plot, 
different indices obtained the best results: for example, ST and ST-linked indices 
(ST - AT, NDVI/ST) for Cabaneros, but ARND and multitemporal-NDVI ones 
for the Les Maures area. The interest of using daily or maximum value composite 
(MVC) has been more precisely studied on Les Maures. The analysis with daily 
images has, however, suffered from the scarce number of cloudless days, due to 
unusually rainy '96 and '97 summers. The analysis with MVC data, that, to a cer- 
tain extent, provide clear data during cloudy periods, has shown good potential, 
showing significant correlations, especially when considering se veral land plots 
together. Some aspects, brought to light by the project, like the problem of 
"change of scale" between the size of field plots (100x100 m) and the size of 
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NOAA pixel (1x1 km) or even the NOAA 3x3-pixel window (3x3 km), should 
now be investigated. In this respect, the use of the recently launched VEGETA¬ 
TION sensor should pro ve interesting, with its constant 1-km resolution and its 
improved georeferencing. 

From an operational point of view, this study has clearly shown that NOAA- 
AVHRR images contain information that could be used to monitor and provide 
some mapping of foliage moisture content. This would give information on a 
parameter that is considered important by fire fighting authorities, but that up to 
now could not be monitored conveniently. This parameter assessed from space, 
together with other parameters like meteorological ones, could be used for an 
improved estimation of short-term fire risk. 

3 - 6 . 

Foliage moisture assessment using high resolution data 

As mentioned earlier, high-resolution sensors have seldom been used in FMC 
estimation, since the temporal resolution and highcost of these images preclude 
their use in operational fire danger analysis. However, the use of high-resolution 
data is very convenient to calibrate methods generated for low-resolution images, 
since they simplify the procedure for locating control plots on the field because of 
the smaller pixel size. Additionally, high-resolution sensors offer information on 
the short-wave middle infrared Spectrum (SWIR), which is the most sensitive to 
estimate water content. In the last NOAA satellite, a new band in the SWIR region 
has been added, but it has only been working since the summer of 1998 and during 
the morning acquisition, around 8.30 GMT, and therefore is still not very conven¬ 
ient for water stress assessment. However, Landsat TM bands 5 (1.55-1.75 p.m) 
and 7 (2.08-2.35 |im) are placed just between the wavelengths of water absorption 
spectral regions (1.4, 1.9, and 2.4 |a,m), and should be well suited to determine 
water content. A number of studies have tested the usefulness of Landsat TM data 
in water content estimation, showing the potentials of SWIR data in this applica- 
tion (Cibula et al. 1992). More specifically related to fire danger estimation, other 
studies have tested the efficiency of thermal channels, following radiation budget 
models (Vidal and Devaux-Ros 1995), previously used in crop water content as¬ 
sessment (Moran et al. 1994). Results are very promising, since high correlation 
between these data and ignition delays were found for several Mediterranean 
shrubs. 

As already mentioned, within the framework of the Megafires project, field 
measurements of FMC were performed in Central Spain. Although they were 
primarily addressed to assess multitemporal trends of NOAA-AVHRR data, three 
Landsat-TM images were also acquired and processed. They correspond to 23 
April, 21 July and 23 September, 1997 (Plate 3.1). On these three dates, field 
samples were available. The first date had some haze contamination, and therefore 
the plots were extracted from neighbouring areas, with similar coverage and ter- 
rain characteristics to the areas sampled on the field. 

The three Landsat images were geo-referenced and co-registered to ensure spa- 
tial coherence. RMS errors were in the range of 0.4 to 0.6 pixel. Calibration of raw 
digital values to radiance was performed using the coefficients included in the 
header files. The atmospheric correction was based on a recently proposed revi- 
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sion of the dark-object method, which estimates atmospheric transmissivity as a 
function of the cosine of the zenith angle (Chavez 1996). Conversion to reflec- 
tance included this variation on the simple method originally proposed for vegeta¬ 
tion mapping (Pons and Solé-Sugranes 1994). The thermal band (TM-6) was con- 
verted to radiance (L) using calibration coefficients included in the header. Sur- 
face temperatures were deri ved in verting Planck’s equation (Wukelic et al. 1989). 
Emissivity and atmospheric effects were corrected with an energy balance method 
proposed by Vidal et al. (1996). 

After obtaining the reflectances of the raw bands, se veral vegetation indices 
were computed to emphasise the discrimination of canopy water content. Indices 
included the Normalised Difference Infrared Index (NDII) (Hunt and Rock 1989), 
defmed by: 

- PmR ~ PswiR ^ (2) 

Pnir Pswm 

where Pmr is the near infrared reflectance and PswiR is the short-wave infrared 
reflectance (computed either from bands 5 or band 7 in the case of Landsat-TM 
images). The NDVI was also computed, as well as the Water Deficit Index, and a 
ratio of NDVI and NDII to surface temperature. 

All these indices were computed for five plots in which samples were collected. 
The average of a 3x3-pixel window was computed for each plot and image. Since 
only three Landsat-TM images were available for this analysis, quantitative cor- 
relation could only be computed for those species that were sampled in several 
plots in each period. This reduced the comparison to grassland (three plots per 
period = 9 observations), and one shrub species C.ladanifer (two plots per period 
= 6 observations), which is very common in Mediterranean areas. Additionally, an 
average of moisture content for all the shrub species (i.e. Cistus ladanifer, Ros- 
marinus officinalis and Erica australis) collected in the last two plots was com¬ 
puted. 

Pearson r coefficients were calculated between EMC and all the indices pre¬ 
sented previously, and with the raw bands of Landsat-TM (Table 3.9). From the 
analysis of the results, it is clear that indices based on the SWIR bands are better 
related to FMC than visible or NIR bands. Thermal data are also well related to 
grassland FMC, but poorly to FMC of shrub species, which are well adapted to the 
summer drought. 

For grassland the correlation coefficient is significant with all variables except 
reflectance of bands 1 to 4. The trends of the correlation are logical, with negative 
signs for bands 5 and 7 (the higher the moisture content, the higher the absorp- 
tance, and the lower the reflectance), as well as band 6 (lower moisture content 
leads to higher temperatures and also implies higher surface temperatures), the 
difference of surface and air temperature, and the WDI, both of which are directly 
related to evapotranspiration. The other indices show positive correlation, because 
they refer to moisture content, while the NDVI is most probably measuring the 
changes in leaf area index and chlorophyll content as a result of grass curling. The 
cloudines s of the April image may contribute to the lower correlation found with 
indices based only on temperature data (ST-AT, WDI and B6), although they are 
also significant. 
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Table 3.9. Pearson r values computed between Landsat-TM variables and FMC of 
grassland and Cistus ladanifer. 

Variable 

Grassland 

Cistus ladanifer 

Shrub (Average) 


R 

Signifi- 

cance 

R 

Signifi- 

cance 

R 

Signifi- 

cance 

BI 

-0.034 

0.930 

0.121 

0.820 

0.223 

0.672 

B2 

-0.139 

0.722 

-0.267 

0.608 

-0.223 

0.671 

B3 

-0.585 

0.098 

-0.616 

0.193 

-0.593 

0.214 

B4 

0.556 

0.120 

0.080 

0.880 

0.188 

0.721 

B5 

-0.915 

0.001 

-0.894 

0.016 

-0.869 

0:025 

B 6 

-0.796 

0.010 

-0.350 

0.497 

-0.362 

0.481 

B7 

-0.884 

0.002 

-0.896 

0.016 

-0.877 

0.022 

NDII 5 

0.965 

0.000 

0.886 

0.019 

0.905 

0.013 

NDII 7 

0.941 

0.000 

0.900 

0.014 

0.921 

0.009 

NDII 5 /ST 

0.930 

0.000 

0.905 

0.013 

0.909 

0.012 

NDVI 

0.963 

0.000 

0.725 

0.103 

0.748 

0.087 

NDVI/ST 

0.975 

0.000 

0.687 

0.132 

0.693 

0.127 

ST-AT 

-0.781 

0.013 

-0.273 

0.601 

-0.288 

0.580 

WDI 

-0.758 

0.018 

0.117 

0.826 

0.091 

0.864 


See typographic convention at the end of § 3.5.2. 

For the shrub species measured, trends are similar to grassland although sig- 
nificant correlations are less numerous, both because of the fewer observations 
available (six cases) and the different behaviour of FMC for these species. The 
range of FMC valnes is much lower for shrub than for herbaceous species. C. 
ladanifer shows a 40% decrease in FMC (as a percentage of its dry weight) from 
the Spring to the Summer period, while grassland moisture decrease reaches 160% 
in the same periods. C. ladanifer is well adapted to the summer water shortage. 
Therefore, the FMC does not change abruptly along the season. Changes in leaf 
colour and leaf area index are much less obvious in shrubs than in grasslands, as 
well. 

This may explain the low sensitivity of NIR reflectance to changes in FMC, 
although red reflectances offer a similar correlation with the water content to the 
one observed for grassland. Again, the best estimation of FMC comes from the 
SWIR data. Both bands 5 and 7 offer significant correlation with FMC, similar to 
the valnes measured for grassland. The composed indices based on SWIR also 
behave very consistently like the NDII 5 , NDII 7 , and MIndu, providing significant 
correlation with FMC. 

As expected from the previous literature review, the NDVI and ratio of NDVI 
and ST do not provide as high correlation values as the SWIR indices. This is also 
applicable to grassland, since the values there were also significant, but for shrubs 
the indirect effects of changing FMC are less obvious than for grassland, and 
therefore, the NDVI is clearly less sensitive than the NDII to estimate them. 
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Indices based on surface and air temperature are not well related to FMC of 
shrubs. The differences in both temperatures are lower for shrub than for herba- 
ceous species, especially in July and September. The WDI shows very a low cor- 
relation for both C.ladanifer and the average value of shrubs. This faet may be 
caused by the cloudiness of the April image, which severely obstructs the finding 
of the four corners of the trapezoid to compute the WDI (Fig. 3.2). However, it 
should also be pointed out that the method was initially developed for irrigated 



Fig. 3.2. Trapezoid of the April image derived to compute the WDI. 


crops and therefore may require some adaptation for Mediterranean species. In 
any case, the small number of observations does not allow us to extract final con- 
clusions on this lack of agreement between WDI and FMC. 

For the most significant correlation, several fitting models were computed to 
explore the presence of non-linear trends, but no significant improvements were 
found with either logarithmic, exponential or growth models. Figure 3.3 pro vides 
some examples of fittings with linear and curvilinear approaches for grasslands 
and the Cistus ladanifer. The severe change in grassland FMC from the spring to 
the summer season is obvious from the analysis of the graph, because only two 
clouds of points are obvious in the images. Consequently, the assumption of non- 
linear tendencies does not have a solid basis for approval, and additionally quali- 
tative evaluation provides better fitting for the linear trend. 

Acknowledgements. This research has been funded by the Megafires project 
(ENV4-CT95-0256) under the Environment and Climate Program of the European 
Commission (DG-XII). Financial support was also obtained from the Spanish 
Ministry of Science through project number AGF96-2094-CE. Comments from 
Andrea Camia and Inmaculada Aguado, and linguistic help from Patrick Vaughan 



























































38 Foliage moisture content estimation from satellite data 




Fig. 3.3. Linear and exponential trends of FMC and NDVI and NDII 7 for grasslands 
(above) and Cistus ladanifer (below). Equations and are shown. 
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Abstract. Meteorological fire danger indices with a specific focus on large fire 
danger rating, and their potential integration with satellite data to improve spatial 
and temporal resolutions of the estimates are the themes of this chapter. 

In this framework the main physical processes and components embodied in 
some fire danger indices that are mostly concerned with remote sensing will be 
outlined, and the main meteorological fire danger rating methods applied today in 
some of the fire prone areas of the world will be briefly recalled. Details will be 
given about a meteorological large fire danger rating model tentatively formulated 
for the European Mediterranean basin, recently developed within the framework 
of the Megafires project. 

The use of satellite data to directly estimate some of the danger indices de- 
scribed will be explored, and some recent results obtained in this field both at 
regional and global (i.e. European Mediterranean basin) level illustrated. 

4.1 

Introduction 

Meteorological fire danger indices are designed to rate the component of fire 
danger that changes with weather conditions, using a numerical or qualitative 
indicator derived by a combination of meteorological variables. 

Weather and its changes over time affect both fire ignition and fire behaviour 
potentials, mostly through the fuel moisture content variation and the wind field 
properties, which are the basic variables in vol ved in fire weather-related proc¬ 
esses. Fuel dryness is strongly related to its flammability and combustibility, and 
consequently to fire occurrence and behaviour (Viegas et al. 1991), and wind 
plays a generally recognised key role during the flame front propagation (Rother- 
mel 1983). 

Weather conditions and fuel dryness have complex relationships that depend 
not only on the past and present status of meteorological variables, but also on the 
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type and stmcture of vegetation and fuel layers and, furthermore, they can depend 
on other site-specific features, such as topography or some soil physical proper- 
ties. Thus, the attempt to estimate dryness with weather variables has led in some 
cases to the development of indices that emphasise the modelling of specific phe- 
nomena, such as for example the moisture content of dead or of living material, 
the moisture content of specific fiiel layers with a defined position in the vertical 
stmcture of the fuel complex or also the soil water deficit. 

According to the way in which it is designed, a fire danger index can be more 
suited to rate fire ignition potential, for example focusing on those particles of the 
fuel complexes most prone to be initially ignited when a fire starts, or to address 
some of the other fire danger components, for example attempting to model the 
influence of meteorological variables on fire behaviour potential. 

In the most complex fire weather indices, research has resulted in the definition 
of fire danger rating systems composed of various sub-models addressing specific 
components of the fire environment, thus providing estimates of both fire occur- 
rence and fire behaviour potential. Actually, to completely assess wildfire poten¬ 
tial, not only weather conditions but also fuel and topography data should be con- 
sidered. This information has been included, with increasing spatial detail during 
last years, in the most advanced fire danger rating systems (Burgan et al. 1998, 
Stocks et al. 1989). In this direction, and due to the need of spatially and also 
temporally refming fire danger estimates, remote sensing techniques are expected 
to make important contributions in the near future. 

In the first part of this chapter those physical processes embodied in the mete¬ 
orological danger indices that are mostly concerned with remote sensing will be 
outlined. Subsequently, a brief recall of the main meteorological fire danger rating 
methods applied today in some of the fire-prone areas of the world will be given, 
to introduce the recent and initial definition of a meteorological large fire danger 
rating model for the European Mediterranean Basin, developed in the framework 
of the Megafires project. The last part of the chapter is dedicated to showing how 
and to what extent remote sensing can be used today to integrate these same mete¬ 
orological indices, to improve the spatial and temporal resolution of the estimates. 

4.2 

Processes and components embodied in fire danger 
indices 

The components that meteorological fire danger indices incorporate are mostly 
related to the moisture content estimations of dead and living fuels and their con- 
nected concept of drought. The role of wind, synoptic weather conditions and 
upper air layers are also often concerned in fire danger rating methods, but our 
main focus will concentrate on the above-mentioned issues, that have a doser 
relationship with remote sensing. 

A detailed description of the physical processes involved in dead forest fuel 
moisture content variation can be found in Simard (1968) and Viney (1991). Pre- 
cipitation effect, evaporation and vapour exchange between the fuels and the at- 
mosphere (adsorption-desorption) are the processes mostly concerned in fire dan¬ 
ger rating. With reference to vapour exchange, dead fuel moisture content changes 
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continuously in time according to variations, mainly in air temperature and rela¬ 
tive humidity, towards a theoretical moisture content of equilibrium with the at- 
mospheric conditions, at a rate that is a function of the response time of the fuel 
particles. This concept deri ves from the assumption that the convergence towards 
the equilibrium moisture follows an exponential curve that can be divided into 
periods of equal relative amount of moisture exchange called timelag periods. The 
timelag of fiiel particles is mainly controlled by their size or, in the case of ground 
fuels, by their depth within the soil layer. Hence fuel particles are often classified 
according to their size, as parameters indicating their approximate timelag value. 
The fiiel size classes mostly used have a timelag of 1 h, also referred to as fine 
fuels, i.e. litter leaves and dead woody material with diameter less than 6.2 mm, 
10 hours (diameter 6.2-25.4 mm), 100 hours (diameter 25.4-76.2 nun) and 1000 
hours (diameter greater than 76.2 mm). 

As mentioned, the response time is also influenced by the position of the fuel 
particles within the fuel complex, e.g. the organic matter of the upper soil layers 
has a shorter timelag than the duff in the deeper soil levels, mainly because of the 
local humidity regime. Furthermore, soil moisture influences the moisture content 
of the fuel particles above (Hatton et al. 1988). 

The longest response time components of fire danger indices refer to the con¬ 
cept of drought, a condition of long-term moisture deficiency. The drought indices 
provide an insight into the seasonal trend of dryness, highlighting long-term 
moisture deficiency periods and disregarding the day-to-day variation. In some 
cases these indices include empirical based moisture content estimates at various 
soil depths or more or less complex soil water balance models. Drought is then 
related to the moisture content of longer response time fuel, organic matter in the 
deeper soil layers and heavier woody fuels, that ultimately are mostly closed to the 
fuel loading, that is to the amount of fuel available for combustion. In faet, while 
fine fuels are mainly responsible for carrying the fire front, and thus are more 
related to fire spread, heavier fuels affeet mostly the total amount of energy re- 
leased by a fire (Rothermel 1972). Meteorological danger indices that focus on 
fire spread potential rating add to the fuel moisture content estimation, in this case 
mostly referred to fine fuels, a stress on the wind effeet on fire propagation. 

Fuel moisture content of live plants is more difficult to estimate because it de- 
pends not only on weather trends, but also on plant physiology and on soil proper- 
ties (Kozlowski et al. 1991). In other words it follows normally a seasonal trend, 
but it is also partially affeeted by long-term soil water deficit at the roots level. 
The moisture content of living foliage has an important role in crown fire behav- 
iour. According to Van Wagner (1967), it follows a seasonal trend that changes 
with the age of leaves but has quite limited year-to-year variation due to weather 
both in conifers and in broadleaf trees. 

More recent results (Haines et al. 1976, Olson 1980, Simard et al. 1989) show 
that moisture content of living vegetation can be partially modified by the soil 
water content at the roots level, thus seasonal trend and drought conditions should 
both be accounted for in the estimates. 

Although beyond the scope of this chapter, some further weather features 
strietly related to extreme fire behaviour potential must be mentioned here for 
their importance. These are synoptic meteorological conditions with typical wind 
profiles (Brotak and Reifsnyder 1976, Brotak and Reifsnyder 1977, Brotak 1991) 
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and atmospheric instability (Haines 1988), also included in some meteorological 
fire severity indices attempting to address the most extreme fire environment. 

4.3 

Meteorological fire danger indices 

In Europe there is no uniform approach to fire danger rating and different 
methods have been developed in the different Mediterranean countries. Below, a 
synthetic description of the main indices applied will be presented in geographical 
arrangement. 

In Portugal an index deri ved by the Nesterov Index (Nesterov 1949) is cur- 
rently used. It is described in detail in INMG (1988) and is composed of three 
meteorological indicators that provide, respectively, an assessment of atmospheric 
conditions of the day (function of air temperature and dew point), a cumulative 
index that integrates the daily atmospheric conditions all along the fire season 
corrected by a factor function of the previous day’s precipitation, and a final index 
that combines the previous two with the wind speed. 

The method used in Spain is based on a model of moisture content of fine fuels, 
thus providing an estimate of the probability of ignition that can be eventually 
combined with the wind speed to allow a rough rating of fire spread potential 
(ICONA 1993). The moisture content parameterisation is a slightly modified ver¬ 
sion of the one embodied in the BEHAVE model (Rothermel et al. 1986). 

In France, various methods have been developed for the Mediterranean part of 
the country. Most of them refer to a soil water balance model developed by Orieux 
(1979) to estimate the soil water reserve that is than combined with various mete¬ 
orological algorithms of interest. The soil water content is modelled as a simple 
function of precipitation and evapotranspiration, and it is applied to account for 
the drought conditions throughout the fire season. The index proposed by Orieux 
(1979) is a direct combination of the estimated soil water reserve and the wind 
speed, while the index 187 introduced by Carrega (1990) adds to the previous 
variables the air temperature and relative humidity; furthermore it includes the 
phenological stage of living fuels and the estimate of surface water reserve of the 
upper soil layers. The method of Drouet-Sol (Sol 1990) is called Meteorological 
Numerical Risk and is based on the product of three coefficients (a soil water 
reserve factor, a wind factor and a false relative humidity factor) summed to a 
correction factor function of expected rate of spread of the flame front. 

In Italy, two fire danger indices are used. The index most widely applied 
(Palmieri et al. 1992), especially in the Mediterranean part of the country, is the 
result of a slight calibration of the coefficients in the McArthur’s Forest Fire Dan- 
ger Meter (McArthur 1967). In the Alpine regions an index called IREPI (Bovio et 
al. 1984) has proved to be more suitable that assesses the departure of real from 
potential evapotranspiration as a measure of soil water deficit in the plant root 
zone. 

Some studies were made in Minerve I and II European research projects to 
compare the fire danger rating capabilities of different meteorological danger 
indices, in the attempt to find a common model to be applied in the European 
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Mediterranean area, but the final results left some uncertainty about the best 
model to use (Bovio et al. 1994, Viegas et al. 1996). 

In Australia, two meteorological danger indices are used for grassland (Grass- 
land Fire Danger Meter - GFDM) and Eucalyptus forests (Forest Fire Danger 
Meter - FFDM). The meters, originally published as nomograms and subsequently 
expressed as equations (McArthur 1966, McArthur 1967, Noble et al. 1980), pro- 
vide estimates of fire danger as directly and linearly related to the expected rate of 
fire spread in the two land cover types, using empirically deri ved relationships 
with meteorological data. Empirical equations to estimate fuel moisture content of 
grassland (Noble et al. 1980) and of the surface layer of Eucalyptus litter (Viney 
1991) are also included. 

As mentioned previously, in the most advanced fire danger rating systems the 
current trend is trying to incorporate with increasing spatial and temporal resolu¬ 
tion fire behaviour prediction models to the solely meteorological fire potential 
estimates. 

The most complex methods of fire danger rating are the Canadian Forest Fire 
Danger Rating System (CFFDRS) (Stocks et al. 1989) and the U.S. National Fire 
Danger Rating System (NFDRS) (Burgan 1988, Deeming et al. 1977, Deeming et 
al. 1974). Both systems are made up of separate components and incorporate also 
fire behaviour models, thus taking into account not only weather variables. 

The weather-specific part of the CFFDRS is the Forest Fire Weather Index 
(FWI) System (Van Wagner 1987). The FWI values are computed from three 
basic and two intermediate codes, which refer to specific components of fire dan¬ 
ger. The three basic codes account for the moisture content of different fuel layers 
and are called Fine Fuel Moisture Code (FFMC), Duff Moisture Code (DMC) and 
Drought Code (DC). These basic codes are combined to form two intermediate 
indices which are named Initial Spread Index (ISI), based on the FFMC and the 
wind speed, and Build Up Index (BUI) based on the DMC and the DC. The com- 
bination of ISI and BUI gives the final code, named FWI. All the codes of the 
Canadian system include a cumulative factor that accounts for weather conditions 
of the previous days. The first three codes rate the moisture content of fuels with 
different response times to changes in weather conditions (timelag), accounting 
respectively for short-term (FFMC), mid-term (DMC) and long-term (DC) dry- 
ness. The ISI is designed to represent the fire spread potential, the BUI the amount 
of fuel available for combustion. The product of the two gives the FWI that, prop¬ 
erly scaled, provides an estimate of fire potential which is quite close to the By¬ 
ram’s fireline intensity concept (Byram 1959). 

The U.S. NFDRS is a mathematical model divided into many sub-models, pro- 
viding estimates of both fire ignition probability and fire behaviour potential (rate 
of spread and energy released) under given fuel, weather and topography condi¬ 
tions. Many of the weather-specific elements are intermixed with other compo¬ 
nents of the system and cannot be simply pulled out, with the exception of the 
semi-physical dead fuel moisture sub-models that are specifically designed for 
fuel partieles sizes with timelag classes of respectively 1 hour, 10 hours, 100 hours 
and 1000 hours and that are based on equilibrium moisture content models (Brad- 
shaw et al. 1983). In the U.S., other indices are used to rate wildfire potential 
integrating the NFDRS computations. The most interesting for our purpose is the 
Keetch-Byram Drought Index (KBDI) that accounts for the seasonal trend of dry- 
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ness, representing the cumulative long-term moisture deficiency estimate of the 
organic material in the ground (Keetch and Byram 1968). 

4.4 

Large fire danger rating with meteoroiogicai indices in the 
European Mediterranean Basin 

The fire danger indices previously described are not specifically tailored to as- 
sess extreme fire danger conditions. High intensity fires that may occur under 
severe danger circumstances pose a great challenge to fire managers in fire-prone 
areas. In most cases a minority of large fires interest the great majority of the total 
area bumed in a territory, and this is verified also in the European Mediterranean 
basin, where “large fires“ are considered those with a final area burned of more 
than 500 hectares. 

For their strategic importance in wildfire management, both fire behaviour 
modelling and fire danger rating research efforts have recently been devoted to the 
study of such extreme events. With reference to the role played by meteorological 
variables in large fire occurrence, a review of papers can be found in Bovio and 
Camia (1997). A number of works give a description of meteorological danger 
conditions associated with major wildfire occurrence (Brotak 1980, Brotak and 
Reifsnyder 1976, Haines et al. 1976). In some cases the development of fire dan¬ 
ger rating systems specifically focused on severe fire danger conditions has been 
addressed (Simard and Eenigenburg 1991, Simard et al. 1987). In Europe, an 
analysis of meteorological danger indices during 512 large summer fires has been 
carried out within the Megafires project and presented in Bovio and Camia (1998). 
In the same project a first global attempt has been made to develop a system for 
rating, from ground weather measurements, extreme fire conditions in the Euro¬ 
pean Mediterranean basin. The system is empirical, i.e. it is derived from statisti- 
cal analysis of historical fire and weather data, and is made up of a combined set 
of selected existing fire danger indices. As a number of different processes can 
have an important role in the extreme portion of the fire environment, different 
components of fire danger, in this case represented by a set of meteorological fire 
danger indices with specific features, have been embodied in a unique comprehen- 
sive fire danger index, to optimise the discriminating power of extreme danger 
conditions in the Mediterranean environment. In the next sub-paragraphs we will 
present a synthesis of the work that has been carried out and the main results ob- 
tained about meteorological large fire danger rating in the Megafires project. 

4,4.1 

Databases and danger indices 

A global historical fire and meteorological databases were addressed for the 
whole European Mediterranean basin. With reference to the wildfire data, the fire 
seasons, from June to September in the Mediterranean environment, of five con- 
secutive years (1991 to 1995) were analysed. In this time period 512 large fires 
were recorded in the five countries (Portugal, Spain, France, Italy and Greece) 
concerned. Meteorological variables required to compute fire danger indices were 
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obtained from the database of the MARS Project (Monitoring Agriculture by Re¬ 
mote Sensing) implemented at the Joint Research Centre (JRC-Ispra Site). In this 
database, in the time period considered, daily ground weather data recorded at 12 
a.m. from about 360 weather stations were interpolated on 1389 square grid cells 
of 50x50 km^. The interpolated data were used, as the grid cell dimensions, the 
temporal resolution and the interpolation procedure applied at the IRC were con¬ 
sidered suitable for this stage of the work. A detailed description of the meteoro¬ 
logical database and the interpolation procedures can be found in Van der Drift 
and Van Diepen (1992) and in Van Der Voet et al. (1994), while a discussion 
about the specific features of both wildfire and meteorological databases used 
within Megafires project is in Bovio and Camia (1998). 

In Fig. 4.1 the layout of the grid cells with the location of the large fires that 
occurred in the basin are showed. 

Historical daily meteorological data extracted from the JRC-MARS database 
were daily maximum and minimum air temperature, vapour pressure, wind speed, 
rainfall, potential evaporation, solar radiation. With these weather data 28 fire 
danger indices were computed for each grid cell (daily values for the five fire 
seasons). The indices computed had different features, addressing specific compo- 
nents of fire danger. They included a number of dead fuel moisture content esti- 
mators for different response time fuels, from short-term (fine fuels) to drought 
estimators, the latter to catch the seasonal trend and therefore indirectly, to some 
extent, accounting for changes in live fuel moisture content, indices designed to 
rate fire spread potential, composite indices, i.e. embodying various danger com- 
ponents, and some models of equilibrium moisture content. A Visual Basic code 
was written to process meteorological data and compute the indices. The program 
is called MFDIP (Meteorological Fire Danger Indices Processor) and the compiled 
version, running under Windows 95, is included in the CD-ROM of the book. A 

^ Large fires 1991-1 ^5 
I I Grid cells 



Fig. 4.1. Layout of the grid cells in the European Mediterranean basin and location of large 
fires in the fire seasons 1991 to 1995. 
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documentation file is also recorded with the descriptions of danger indices com- 
puted, the algorithms used in the program and related bibliographic references. 


4.4.2 

Climatic stratification 

Due to the high heterogeneity of the fire environment in the territory, the area 
of investigation has been restricted and stratified using land cover and climatic 
data. 

Those territories expected to be structurally only secondarily affected by large 
fires have been removed. To this end, the proportion of land cover classes of each 
grid cell was found with the CORINE Land Cover database and the grid cells 
mostly covered (more than 75%) by urban and agricultural lands were masked out. 
In addition the entire basin was stratified adopting the Koppen climatic classifica- 
tion system (Koppen 1936) to account for both environmental modifications due 
to climate and to different followup of the fire seasons. The climatic parameters 
required by the Koppen method were based on the same spatial resolution of 
50x50 km^, and were obtained processing a 22-year period (1975 to 1996) of daily 
meteorological data taken from the JRC-MARS database. The climatic classifica- 
tion obtained of the basin is presented in Plate 4.1. 

Note that only the Koppen climatic types BSh, BSk, (semiarid types) Csa, Csb 
(temperate with dry summer types, i.e. Mediterranean) are truly representative of 
the investigated fire environment. This can also be verified by the faet that 502 out 
of 512 large summer fires recorded oceurred in those areas (compare Fig. 4.1 and 
Plate 4.1) . The other climatic types have different conditions, some of them with 
a winter-spring fire season and a general lower level of fire danger. Hence only 
the climatic types Csa, Csb and BS, that aggregates the little represented BSh and 
BSk, have been retained for the development of the system. 

The restriction of the European Mediterranean basin to the true area of interest 
as above defmed, resulted in a reduction of the grid cells to 499, that multiplied by 
the number of days considered (5 fire seasons of 122 days each) give a total of 
304,390 statistical units. 

4.4.3 

Logistic regression 

The empirical model was build with logistic regression, a statistical tool that 
has already successfully been used in fire danger studies (Loftsgaarden and An¬ 
drews 1992). The Poisson distribution has proved to be quite useful for the devel¬ 
opment of models for the prediction of forest fires (Mandallaz and Ye 1997) but in 
our case standard logistic procedure is sufficient because a binomial solution is 
requested, i.e. we want to identify extreme / not extreme fire danger conditions. 

The logistic regression model is 




1 

l + e-^ 
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where y is the binomial dependent variable (values 0 or 1 in the data set), e is the 
base of natural logarithms and z a linear combination of n independent variables x. 

n 

^ = > ( 2 ) 

/=1 

where po and p. are the parameters to be estimated by maximum likelihood. 

The explanatory variables we are looking for are given by the best combination 
of n fire danger indices that could explain the occurrence of extreme fire danger 
conditions. A more refmed definition of extreme danger conditions with reference 
to the statistical units must be introduced at this point. Actually, large fires nor¬ 
mally last several days, often burning most of the surface in one or a few highly 
severe days. 

Unfortunately, wildfire data are not always recorded in such detail, and it was 
not possible to identify those specific days for all historical large fires in the data 
set. For this reason an approximation was introduced and an Extreme Danger Day 
(EDD) was defmed for a statistical unit as a day with at least one large fire bum- 
ing in the grid cell excluding, for multi-day burning fires, the day when the fire 
was extinguished, when it was reasonable to expect a lower level of fire danger. 
The dependent variable in the logistic regression equation is the binomial variable 
that identifies an EDD as defmed previously, while the explanatory variables will 
be a selected set of danger indices that will provide the best fit. 

Exploratory data analysis of indices led to identifying and excluding some indi¬ 
ces with undesirable distribution properties. The following indices were discarded: 
IREPI showed too poor sensitivity to the change in weather conditions in the 
summer period, the ICONA and Orieux methods had distribution substantially 
equivalent on normal days and in EDD, McArthur’s fuel moisture model 
(McArthur 1967) had too high a frequency of missing values due to the restriction 
requested in its calculation. 

The number of possible combinations of indices to be tested has been further 
restricted to identifying pairs of indices mutually incompatible because highly 
correlated, in order to avoid redundancy and multicollinearity. 

The logistic model was built using the backward elimination procedure of SPSS 
(Norusis 1993), testing several different initial sets of indices, until an optimum 
combination was obtained that, given the correct signs of the estimated parameters 
and the acceptable significance level of their coefficients, and verifying the low 
correlation between variables included, maximised the improvement in the Log 
Likelihood function. 

Better results were obtained separating the three climatic zones, i.e. building 
different models in each zone and including indices of different types in each 
model (short, mid and long-term moisture content estimators, spread potential 
indices and composite indices), showing that when different components of fire 
danger are taken into account the estimates are improved. 

The indices selected for each climatic zone and their coefficients in the logistic 
regression equations are shown in Table 4.1. 

All models are globally significant at the 1% level and so are individual vari¬ 
able coefficients, with the exception of FM-Mark5 and IFDI in the Csb zone 
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equation and RISNUM in the BS zone equation that are significant at the 5% 
level. 

Note that the negative signs in coefficients are for indices that directly indicate 
moisture content valnes, while positive signs are for indices that increase with 
danger level. DC has both signs in the equation for the Csa zone, v^here it shov^ed 
a quadratic relationship, but in the range of the index its overall contribution is 
always positive. 

Table 4.1. Meteorological fire danger indices included in the three logistic models 
found for each Koppen climatic zone and their coefficients in the equations. 

Coefficients in the equations 
Meteorological Fire Danger Indices Variables Csa zone Csb zone. BS zone 


Fuel Moisture in Mark5 GFDM (No¬ 

FM-Mark5 

-0.014 

-0.008 

- 

ble et al. 1980) 

NFDRS 100 Hour Fuel Moisture 

(100 h)^ 


-0.005 


(Bradshaw et al. 1983) 

NFDRS 1000 Hour Fuel Moisture 

1000 h 



-0.198 

(Fosberg et al. 1981) 

CFFDRS Drought Code (Van Wag¬ 

DC 

0.012 



ner 1987) 

CFFDRS Drought Code 

(DC)" 

-9.E-06 

I.3E-06 


Keetch-Byram Drought Index 

KBDI 

0.003 

0.003 

- 

(Keetch and Byram 1968) 

CFFDRS Initial Spread Index (Van 

ISI 

0.044 



Wagner 1987) 

Italian Fire Danger Index (Palmieri et 

IFDI 


0.083 


al. 1992) 

Mark5 FFDM (Noble et al. 1980) 

(Mark5)" 

. 


0.027 

Drouet-Sol Numerical Risk (Sol 

RISNUM 

0.068 

0.092 

0.048 

1990) 

Constant 

-11.096 

-7.784 

-3.744 


The set of variables selected for the model of the BS zone is quite different 
from the previous two, but the limited number of large fires that occurred in this 
zone and the small improvement obtained in the Log Likelihood function, do not 
induce the expectation of a very good fit of this model to the data. 

The indices fmally selected should not be considered as being generally better 
than the others. Exploratory data analysis showed that many indices that are not 
included in the equations had good discriminating power. Those selected are “set” 
of danger indices that together are expected to improve the rating capabilities of 
meteorological severe fire conditions. 


4 . 4.4 

Assessment of the logistic model 

To assess the model, observed and predicted EDD must be compared. To this 
end data have been grouped according to probability classes (i.e. levels of the 
dependent variable) and also according to climatic zone and month. Predicted and 
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observed EDD in these groups were compared and the chi-square test of goodness 
of fit applied. 

When grouping according to probability classes the chi-square test showed a 
good fit of the logistic models to the data in the three climatic zones, while 
grouping by climatic zone and month resulted in a poorer fit. A similar behaviour 
has already been pointed out by Mandallaz and Ye (1997) that showed how 
grouping data reflecting the calendar structure may result in an inflated chi-square 
value and thus in a poorer fit, due to the strong time correlation between EDD. 
Nevertheless, it must be also remarked that the high values of chi-squares were 
sometimes caused by a limited number of outliers. Plots of predicted versus ob¬ 
served number of EDD are showed in Fig. 4.2. 

Concerning the day-by-day trend during the entire fire season, the logistic 
model is still interesting in the Csa zone. In Fig. 4.3 the daily observed and pre¬ 
dicted number of EDD, i.e. the number of EDD computed over all the grid cells of 
the climatic zone Csa on a given day, are plotted for the entire period. It is clear 
that the peaks are not reached, but the general trend is mostly respected. In the Csb 
zone the day-by-day performance of the model changes according to the year, 
while in the BS zone, maybe because of the limited extension of the area and the 
lower number of large fires occurring than in the other two, the fitting on a daily 
basis has little correspondence. 

Another criteria to assess the model prediction capability is to apply the per¬ 
formance score for fire danger indices introduced by Mandallaz and Ye (1997). In 
our case, for a given danger index to be tested, an index / is computed which is the 
sum, for all the N statistical units considered, of the product of the rank of the 
index value in the fth statistical unit, denoted by rank{z), and a binomial variable I. 
that takes value 1 if the ith statistical units was an EDD and 0 otherwise: 

I = ^rank{z^)I^ . (3) 

j=l 

In case of an ideal deterministic prediction, the d highest values of the danger 
index would have been recorded in the d EDD so that we would have obtained the 
largest possible value of / as: 

J{2N + \-d) 


where d is the number of EDD occurred in the N statistical units considered. 

In case of a random guess, i.e. danger index independent from EDD, the index 
would take the value: 


d{N+\) 


^ random " 


The performance score is then computed as 


Score=- 




random 


^ max ^ random 


(5) 


( 6 ) 
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FIg. 4.2. Predicted versus observed number of Extreme Danger Days (EDD) in the three 
Koppen climatic zones. 


that summarises the performance of the danger index with reference to a random 
prediction and an ideal, exact prediction. When Score is less than 0, the prediction 
is worse than pure chance (this could happen when the probability of the event 
decreases with increasing value of the danger index), 0 corresponds to the random 
guess score and 1 to an exact prediction. 

In Table 4.2 the performance scores computed for a selection of danger indices 
and for the logistic models in the three climatic zones are shown. It can be seen 
that the logis tic model had the highest score in all climatic zones, even though in 
the Csb zone some long-term moisture content indices (BUI and DMC) and the 
FWI also showed good performance, while in the BS zone the improvement ob- 
tained was lower, as could have been expected from the results illustrated previ- 
ously. 
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Fig. 4.3. Daily observed and predicted number of Extreme Danger Days (EDD) in the Csa 
zone during the fire seasons 1991 to 1995 (curves smoothed with 7-day mnning mean). 


Table 4.2. Performance scores of a selection of meteorological fire danger indices 
and the logis tic model in the three Koppen climatic zones. _ 

Performance Scores 


Meteorological Fire Danger Indices Variables 

Csa zone 

Csb zone 

BS zone 

Logistic Models 

LogModel 

0.524 

0.627 

0.435 

CFFDRS Fine Fuel Moisture Code 

FFMC 

0.321 

0.541 

0.414 

CFFDRS Duff Moisture Code 

DMC 

0.305 

0.577 

0.195 

CFFDRS Drought Code 

DC 

0.332 

0.478 

-0.161 

CFFDRS Build Up Index 

BUI 

0.332 

0.587 

0.118 

CFFDRS Initial Spread Index 

ISI 

0.297 

0.466 

0.391 

CFFDRS Fire Weather Index 

FWI 

0.372 

0.569 

0.380 

BEHAVE fine fuel moisture model 

BEHAVE 

0.323 

0.541 

0.350 

NFDRS 10 Hour FMC 

10 h 

0.256 

0.462 

0.408 

NFDRS 100 Hour FMC 

100 h 

0.260 

0.475 

0.421 

NFDRS 1000 Hour FMC 

1000 h 

0.194 

0.409 

0.365 

Keetch-Byram Drought Index 

KBDI 

0.312 

0.290 

-0.110 

Mark3 (GFDM) 

Mark3 

0.363 

0.321 

-0.055 

Marks Forest Fire Danger Meter 

Marks 

0.277 

0.488 

0.384 

Fuel Moisture in MarkS GFDM 

FM-MarkS 

0.419 

0.485 

-0.016 

Portuguese index 

INMG 

0.270 

0.442 

0.212 

Carrega 187 Index 

187 

0.299 

0.490 

0.234 

Drouet-Sol Numerical Risk 

RISNUM 

0.320 

0.516 

0.365 

Italian Fire Danger Index 

IFDI 

0.337 

0.561 

0.364 


FMCy Fuel Moisture Content; GFDM, Grassland Fire Danger Meter 


The spatial fitting of the model to the data can be qualitatively assessed by 
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looking at the monthly maps of EDD locations in the month, plotted over the 
monthly valnes of the model output in each grid cell. These maps, one for each 
month of the time period considered, are recorded in the annexed CD-ROM. The 
agreement between the spatial distribution of the fire severity estimated by the 
model and large fire locations changes from year to year, but an overall correct 
behaviour of the logistic model can be recognised. Quite often in faet, the spatial 
distribution of large fires is reasonably grasped by the danger classes of the model. 
The discrepancies observed are mostly related to erratic large fires oceurring in 
months with a generally lower level of fire danger and to overestimated danger in 
areas where no large fires oceurred. 

The logistic model is a first prototype that must undergo further analysis, vali- 
dation studies and maybe calibration, but at this stage the results obtained with the 
integration of different components of fire danger with a composite mix of se- 
lected indices for extreme fire potential rating can be considered promising. Even 
though further data must be processed to assess the model more thoroughly, with 
the data set used the severe danger condition discriminating power of individual 
meteorological indices has been improved. Beside the usefulness of incorporating 
upper air data into the system, future refmements should include improvements in 
the estimates of the spatial distribution of variables. This is the direction of the 
Work presented in next paragraphs. 

4.5 

Satellite data and meteorological danger indices 

As illustrated in the previous paragraphs, traditional methods of fire danger 
rating rely on meteorological danger indices that take into account the critical 
variables of fire ignition and behaviour, and model their funetional relationships 
on relevant weather variables. Besides the uncertainty inherent in the estimates of 
the models, the application of such indices presents some operational problems, 
since meteorological data for forested areas often are not available, and spatial 
interpolation techniques are not always suitable in areas of complex terrain. 

In this context satellite data might represent a sound alternative, allowing some 
of the mentioned limitations to be overcome. In faet, satellite images are acquired 
through a systematic spatial sampling, the interval of each measurement being 
equivalent to the spatial resolution of the sensor. In addition, as the images are 
direct measurements at regular time intervals of land cover properties, some rele¬ 
vant parameters can be potentially obtained without the need of modelling their 
relationship with weather variables. Of course, not all the components embodied 
in meteorological fire danger indices are obtainable from satellite imagery, but 
especially those factors related to vegetation status, such as moisture content of 
both dead and living vegetation, can be potentially extracted and eventually Inte¬ 
grated in fire danger rating systems with inereased spatial detail. 

The many studies carried out on the estimation of fuel moisture content from 
satellite data have been presented in Chapter 3. Such estimations in some cases 
could be used as components of those meteorological fire danger indices that 
incorporate this kind of information. 

On the other hånd, satellite data could be used for the direct estimation of the 
meteorological danger index (Dommguez et al. 1994, Walsh 1987). This was one 
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of the objectives of the Megafires project and it will be the theme of this part of 
the chapter. It can be considered a further possibility in the tentative integration of 
specific components of fu*e danger indices into more spatially refined fu*e danger 
rating methods supported by the use of remote sensing techniques. 

For operational use of satellite data in fu*e danger estimation, quantitative rela- 
tionships between meteorological fire danger indices and satellite data need to be 
proved. Once consistent relationships are found, one should be able to use re- 
motely sensed data for direct assessment in space of danger indices values or, 
alternatively, to compute some of their component codes. 

Spectral data acquired by satellite-bome sensors are directly related to some criti- 
cal parameters of vegetation in this respect. Strong absorbance of water in the middle 
inffared region (1.3 to 2.5 |im) makes this band most suitable for the estimation of 
water content of plants, as proven by se veral authors (Rock et al. 1986, Westman 
and Price 1988), and as such it is reasonable to hypothesise its potential usefulness 
in the case of meteorological fire danger indices estimations. Unfortunately, this 
spectral band is not included in most satellite systems currently available. 

While future sensors, such as MODIS, may overcome this problem, the estima¬ 
tion of water content at present needs to be based on visible, near infrared and 
thermal infrared data. Indirect estimations of moisture content of living vegetation 
can be deduced from the red and near infrared bands, and therefore using spectral 
vegetation indices, which account for the contrast in these two bands. In faet, plant 
water stress implies a deterioration of leaf structure (Hale and Orcutt 1987) and, 
consequently, a clear decrease in near infrared reflectance and a light inerease in 
red reflectance. 

A commonly used spectral vegetation index is the Normalised Difference 
Vegetation Index (NDVI). Multi-temporal analysis of NDVI values has been 
shown to be valuable for rating forest fire danger (Burgan et al. 1998). 

The main alternative to NDVI is based on the analysis of Surface Temperature 
(ST). In this case, water stress is estimated from plant evapotranspiration rates. 
When plants suffer water shortage, they reduce transpiration by stomatal closure 
and, as a consequence, the leaf is more heated (Kozlowski et al. 1991). 

A combined analysis of NDVI and ST can also be approached, providing co- 
herent estimations of fire danger, since dry vegetation offers lower NDVI values 
than wet vegetation and higher ST. The synthesis between the two has been based 
on simple ratios (Alonso et al. 1996), regression analysis (Nemani et al. 1993) and 
on the combined analysis of surface-air temperature and fractional vegetation 
cover (Desbois and Vidal 1996, Vidal and Devaux-Ros 1995). 

As already mentioned, to better understand the relationships between such sat¬ 
ellite derived indices and meteorological danger indices and explore their potential 
integration, studies have been carried out within the Megafires project and will be 
presented in the following. 

4,5.1 

Satellite data and the logistic model for large fire danger rating 

The first experience presented was focused on understanding whether the lo¬ 
gistic model illustrated previously, developed to refme extreme fire potential rat¬ 
ing in the European Mediterranean basin, could be supported and/or integrated by 
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satellite-derived information. To this end the relationship between the logistic 
model results and the satellite data was investigated at the basin level. 

Obviously, as the logistic model was built for the Koppen climatic zones BS, 
Csa and Csb, which correspond to the most fire-prone areas of the basin and thus 
mostly concerned with large fires, also this analysis was limited to those climatic 
types. The logistic model was computed for a selection of weather stations of the 
JRC-MARS database and referred to circles of 10 km radius around them to avoid 
weather data extrapolation. A total of 56 weather stations was selected in the three 
climatic zones concerned, distributed in all the European Mediterranean basin (16 
in the Iberian Peninsula, 19 in Italy, 16 in Greece and 5 in Southern France). 

Regarding satellite indices, as they are expected to be more reliable on forest or 
shrubland areas, in the circular areas around the weather stations a mask of such 
cover types was applied using the CORINE Land Cover database. In addition, the 
isolated or too sparse pixels of this mask were eliminated through a shrink and 
expand process, to decrease the chance of incorrect matching due to mis- 
registration of images. 

The AVHRR images used were acquired from NOAA-14. A set of cloud-free 
images was selected from early spring to fail 1996 for each region: 6 dates on the 
Iberian Peninsula, 10 on Southern France, 17 on Italy and Corsica, 16 on Greece. 
These images were georeferenced with the SGP4 orbital model. Through this 
standard registration procedure the position error can reach locally 3 or 4 pixels. 
Hence, in order to improve their geometric accuracy, the images on the Iberian 
Peninsula were co-registered with ground controI points. On the other hånd, to test 
the possibility of achieving comparable results with lower geometric accuracy at 
the basin level, the images of the other regions were not manually registered. 

Daily NDVI and ST were computed around the selected weather stations and 
their correlation with the logistic model outputs analysed. 

The expected signs of the correlation are positive with ST and negative with 
NDVI, and these signs were verified in the Iberian Peninsula images. However, a 
doser link was observed between ST and the logistic model (Pearson correlation 
r = 0.67), whereas the relation with NDVI appeared to be quite loose (r = -0.27). 

As the logistic regression equations are actually different depending on the 
Koppen climatic zone, separate correlations were also considered for each one of 
them. The Pearson correlation coefficients of logistic models and ST range be¬ 
tween 0.59 and 0.72 in the three climatic zones and are all significant at the 5% 
level, while for NDVI poor results were again obtained. 

At the basin level, on account of the sparse relation between the logistic model 
and NDVI in the Iberian Peninsula, only the correlation with ST was assessed. 
Despite the lower geometrical accuracy of the images, reasonably good correlation 
was obtained, with r values in the three climatic zones ranging between 0.47 and 
0.63, with the highest values in Csb zone. 

In the time period from 19 to 23 July 1996 the strongest correlation were ob¬ 
served, and regression equations were developed with the logistic model output 
(LMO) expressed as a function of ST. For each Koppen climatic zone a separate 
equation was built of the form: 


, ( 7 ) 
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with A and B being the estimated parameters and e the base of natural logarithms. 

The r^ values for the equations found were 0.64, 0.73 and 0.81 for Csa, BS and 
Csb zone, respectively . With such equations it was possible to produce a map of 
the logistic model output in the period considered, for the whole global area for 
which the logistic model was developed, using a temporal composition of the ST 
in NOAA-AVHRR images (Plate 4.2). This map is an example of what could be 
produced for other time periods once the relationships have been further Consoli¬ 
dated. 


4 . 5.2 

Estimation of long-term fire danger indices from satellite data 

While the logistic model integrates different meteorological components of fire 
danger, in the cases presented in this paragraph the potential use of satellite data 
will be explored for the spatial extrapolation of specific components of meteoro¬ 
logical fire danger, namely the longest response time components, also referred to 
as drought indices. The indices considered are the Keetch-Byram Drought Index 
(KBDI; Keetch and Byram 1968) and the Canadian Drought Code (DC; Van 
Wagner 1987) illustrated in previous paragraphs. Designed to address the soil 
water content in the root zone and assess the seasonal trend of dryness, these 
codes are expected to be more related to the fuel moisture content of live plants 
than other components of meteorological fire danger. Hence, a doser association 
with satellite data is expected, since remotely detected radiation refers basically to 
the live vegetation canopy, being dead fuels normally hidden below, concentrated 
in the forest understory. 

The analyses were performed at three different le vels, in a region of Spain, in 
the Iberian Peninsula and in the whole European Mediterranean basin. 

The regional study (Aguado et al. 1998) was performed in the Andalucia region 
(87,(X)0 km^) located in Southern Spain, with data of 1995 and 1996. The AVHRR 
images used for this regional approach were acquired from NOAA-14 during the 
afternoon pass (around 14:30 local time). Spring images (from March to June) 
were also used to obtain information on the maximum vegetation vigour of each 
pixel. After sol ving reception and cloud-related problems, 91 images were made 
available for 1995, and 130 for 1996. All images were geometrically corrected and 
resampled to the UTM projection (zone 30, extended towards the western border) 
by using an orbital model. After navigating the images, an image-to-image regis- 
tration was applied using control points, to insure consistency in the multitemporal 
analysis. A cloud mask was also applied to each image, based on multiband 
thresholding techniques. 

As for the logistic regression study, the variables derived from NOAA-AVHRR 
data that have been tentatively related with fire danger indices are NDVI and ST. 
The NDVI is related to vegetation conditions, and its temporal variation foliows 
basically plant physiology and therefore it is expected to show slow changes in 
time. Atmospheric scattering also has a strong effect on NDVI and to reduce it, 
daily images were synthesised using Maximum Value Composites (MVC). 

The ST was calculated using a modified split-window algorithm (Coll et al. 
1994) (revised by Coll and Caselles 1997). As in the case of the NDVI, after re- 
moving clouds from the image, the maximum value for each period was computed 
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for ST, since we expected this value to be more related to high fire danger. This 
variable depends mostly on incoming solar radiation, cloudiness and wind, and to 
a smaller degree, on plant regulatory mechanisms. As a result, ST values will 
respond to atmospheric changes faster than NDVI values and consequently we 
hypothesised that long-term fire danger indices concerned in our study would have 
been better correlated to the latter. 

Meteorological danger indices were computed from records provided by a 
number of automatic weather stations, selected because located near forested areas 
and providing consistent series of daily observations from February to September 
in the 2 years considered. The weather stations selected (27 for 1995 and 24 for 
1996) were fairly well distributed throughout the study area, covering its main 
climatic districts. 

Both temporal and spatial dimensions were addressed when analysing correla- 
tion of satellite variables with meteorological danger indices. 

The temporal evolution of danger indices and satellite variables was correlated 
for each of the weather stations, to evaluate the performance of satellite data in 
estimating fire danger indices throughout the fire season in different regional cli¬ 
matic districts. 

In addition, correlation within each 10-day period of satellite composites was 
analysed, in order to test whether the spatial diversity of meteorological danger 
condition could be predicted by satellite data in both spring and sununer periods. 

The temporal analysis showed good correlation of long-term danger indices 
with NDVI in both 1995 and 1996, but a poorer result for ST, preliminarily con- 
firming our expectations. When considering the correlation in the space dimen¬ 
sion, the same results were confirmed especially with reference to the DC-NDVI 
relationships. 

Nevertheless, it should be noted that in our case association in the spatial di¬ 
mension was generally lower than when considering temporal series. This may be 
due to the seasonal variability of fire danger indices which is higher than its spatial 
variability in the region considered. The same concept could be generalised by 
saying that the seasonal trend of vegetation in the Mediterranean environment 
implies a temporal contrast which is higher that its spatial contrast, and this is 
reflected also in the spatial and temporal distribution of long-term fire danger 
index values. 

To summarise, a satisfactory correlation between the DC and the NDVI was 
found on a regional level. These relationships were proved in the temporal dimen¬ 
sion and, to a smaller degree, in the spatial one. A regression analysis was also 
performed for the set of variables more strongly correlated, using DC as depend- 
ent variable and NDVI as explanatory independent variable. 

Exponential functions of the form shown in equation (7) were found to provide 
a better fit. Separate functions were built for each weather station also separated 
by specific land cover types, splitting grassland, shrubland, and forest, with im- 
proved results especially for grassland, whose equations reached values of 0.63 
in 1995 and 0.77 in 1996. Concerning shrubland and forest, the variability of the 
Mediterranean ecosystems in terms of species composition, and thus phenological 
cycles and responses to seasonal droughts, calls for further investigation. 

These regression equations can be used for the estimation of DC values from 
NDVI with the spatial resolution of the images, without the need of interpolation. 
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Furthermore, DC maps can provide the spatial distribution of fire danger rated 
with the Canadian DC in areas where meteorological data are not available. Figure 
4.4 shows an example of such tentative DC maps derived from NDVI data for the 
time period 11-20 July 1995 in the region of Andalucia. Agriculture, water, urban 
areas and the land cover type not covered by the regression equations have been 
masked out with the CORINE Land Cover database. 

The possibility of generalising at a larger spatial scale the relation found be- 
tween NDVI and DC has been further investigated at the other two levels of our 
study: first the Iberian Peninsula and then the whole European Mediterranean 
basin. 

For this global approach both meteorological danger indices (DC and KBDI) 
were computed with records of the JRC-MARS database, while the satellite. data 
were the same NOAA-AVHRR images used for the correlation analysis with the 
logistic model, with forested area masked out in circles of 10 km radius around 
selected weather stations (see previous paragraph). 

In the Iberian Peninsula, temporal evolution of danger indices and satellite data 
were correlated for each one of 16 weather stations. In addition, as for the regional 
study, also the correlation in the spatial dimension was addressed. 

In both cases the results of the regional study were confirmed, in most cases the 
correlation between NDVI and KBDI being quite poor, but the one between NDVI 
and DC was interesting, as will be detailed below. 

In the temporal dimension 15 out of 16 sites showed the expected trend (i.e. 
negative correlation between NDVI and DC), with Pearson coefficients ranging 



Fig. 4.4. DC values for grassland estimated from NDVI in the region of Andalucia (July 
11-20,1995). 
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from -0.12 to -0.91. However, due to the small sample size (6 dates), only 5 of 
these correlations were statistically significant at the 5% level. 

In space, the correlation between NDVI and DC was significant for all the 
dates, also because of the larger sample size (16 observation in each date), with 
Pearson correlation ranging from -0.70 to -0.87. 

As the results obtained for Andalucia and the Iberian Peninsula need to be 
tested and verified to be extended to the European Mediterranean Basin level, the 
analysis has been continued and repeated at different sites of the global area. The 
selection of 56 weather station of the JRC-MARS database and the mosaic of 
NOAA-AVHRR images mentioned in the previous paragraph was used. It should 
be noted that these images had lower geometric accuracy than the one used for the 
Iberian Peninsula, thus only some preliminary conclusion could be drawn from 
this global study. 

The general trends obtained for Andalucia and the Iberian Peninsula could be 
observed at the Mediterranean Basin level. Regarding the temporal analysis, the 





Fig. 4.5. Temporal profiles of DC and NDVI for a selection of weather stations during 
summer 1996. 
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expected signs of correlation between NDVI and DC were obtained for 44 out of 
56 weather stations. Again, also due to the few dates available, the statistical sig- 
nificance at the 5% level could be established for only 9 of them. Figure 4.5 illus- 
trates this inverse relation between NDVI and DC over a selection of weather 
stations. 

Regarding the spatial dimension, the correlation between NDVI and DC calcu- 
lated for all available dates showed the expected trend for 31 dates out of 35. 

Restricting the analysis only on those dates with at least 10 weather stations 
available, 13 out of 20 dates showed a correlation between NVDI and DC statisti- 
cally significant at the 5% level. 

The strongest correlation period, from 19 to 23 July, with R=-0.74 and 92 rec- 
ords of available data, was then used to develop a regression equation to derive 
DC values as a function of NDVI. With the regression equation it was possible to 
produce a DC map from an NDVI temporal composition of the NOAA-AVHRR 
images of the same period (Plate 4.3) 

The common background of some meteorological fire danger indices and re¬ 
mote sensing-derived indices was confirmed by observation at the regional level 
and partially at the European Mediterranean basin level, and this is particularly 
important for the long-term components of fire danger. 

Furthermore, the DC, better than the KBDI, seems to be more related to living 
vegetation vigour and its seasonal trend in the Mediterranean environment, as it is 
monitored by remote sensing techniques. These consistent similarities, regardless 
of the local climatic differences, strongly support the use of satellite data to esti- 
mate temporal trends in some components of meteorological fire danger, and 
encourage their further investigation to profit from their potential integration into 
currently applied fire danger rating systems. 
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Abstract. Fire risk may be considered from different temporal and spatial scales. 
This chapter reviews current methods to map fire long-term trends in fire risk by 
using several variables related to fire occurrence in a Geographical Information 
System (GIS). Several examples of both global and local-scale applications are 
presented. The former is focused on estimating the occurrence of large fires 
(above 500 hectares) from a set of human and physical-related factors. This analy- 
sis has been carried out at provincial level (NUT level 3) for Portugal, Spain, 
South of France, Italy and Greece. Logistic regression (LR) and Artificial Neural 
NetWork (ANN) techniques were used to estimate observed number of large fires 
from the geographical and statistical variables previously compiled. Local-scale 
studies are exemplified from the experience of the Environmental Agency of An¬ 
dalucia, in the South of Spain, in which active use of GIS and remote sensing 
technologies is present in everyday fire management. 

5.1 

Temporal and spatial scales in fire risk mapping 

Forest fire risk may be considered at different spatial and temporal resolutions: 
global and local; short-term and long-term. Both types of risk assessments are very 
important for fire management. Global scales can contribute to establish general 
guidelines for fire management at European level, while local scales are adapted to 
specific fire prevention resources of small regions. Short-term estimation of risk is 
required to take update decisions on fire pre-suppression and suppression activities, 
wMle long-term estimation addresses the general, more permanent, planning of fire 
fighting resources. The former should ideally provide daily estimations of fire risk 
and it is commonly based on weather data, although recently satellite information is 
also being considered (a review of such studies is available in Chap. 3 and in Desbois 
et al. 1997b). 

This chapter is focused on analysing long-term trends of fire risk, those related to 
the more structural factors that affect fire ignition or fire propagation, such as topog- 
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raphy, vegetation structure, human activities or weather pattems. These factors do not 
change daily but monthly or yearly, and can be considered stable at least during a 
whole fire season. This temporal scale is very usefiil to better understand spatial pat¬ 
tems of fire risk and to improve fire prevention management. 

The most critical variables related to long-term fire hazard are climate (long trends 
of atmospheric variability), vegetation structure (height to surface ratio, compactness, 
flammability), terrain characteristics (slope, aspect, elevation) and human activities 
(land use, recreational practices), but they do not need to be updated frequently. Two 
to five year updates are accurate enough for fire management. Long-term fire risk 
maps are quite relevant for prevention and suppression purposes. They can help to 
design regional fire defence plans, which include fuel management and vigilance 
Controls, such as fire-break design, dispatch planning, prescribed buming, look-out 
tower location, etc. 

Since fire risk implies consideration of a wide number of cartographic variables, 
geographic information systems (GIS) are quite appropriate tools for this application. 
They provide spatial analysis capabilities and can easily integrate geographical vari¬ 
ables. Fire risk GIS have been used in both spatial scales previously referred to, 
global and local, but local-high resolution systems have been more common (Yool et 
al. 1985, Chuvieco and Salas 1996, Chuvieco et al. 1997). 

5.2 

The use of GIS in fire risk assessment 

A comprehensive consideration for fire risk implies taking into account a wide 
range of variables. A common terminology distinguishes between the concepts of risk 
associated to the beginning of a fire (fire ignition risk or flammability) and to the 
spreading of an active fire (fire behaviour risk or fire hazard: Salas and Chuvieco 
1994). In each case, different variables and different risk weights should be consid¬ 
ered. However, both approaches require being capable of integrating different spatial 
variables. GIS provide tools to create, transform and combine geo-referenced vari¬ 
ables. Every analysis of geographical data with a GIS preserves the spatial dimension 
of variables being processed, because all transformations are performed cartographi- 
cally. Therefore, GIS can spatially integrate several hazard variables related to fire 
risk, such as vegetation, topography, climatology and fire history, providing spatial 
tools for risk analysis (Aronoff 1989). Furthermore, these variables are spatially com¬ 
prehensive (they cover the whole territory at the specific spatial resolution of the map 
information), which greatly helps forest fire management (Phillips and NicKey 
1979). Consequently, GIS may portray the geographical location of those areas where 
risk factors are most severe and fire protection programs may be spatially and tempo¬ 
rally oriented to the areas labelled as having high risk. 

Most applications of GIS to fire risk mapping have been developed at the local 
level and therefore they cover a small area at high resolution (typically from 50 to 
100 meter grid size: Bachman and Allgowerm 1998, Castro and Chuvieco 1998, 
Chuvieco and Congalton 1989, Chuvieco and Salas 1996, Dagorne et al. 1994, Gum 
1985, Helm et al. 1973, Langhart et al. 1998, Marchetti 1990, Salas and Chuvieco 
1994, Salas et al. 1994, Salazar et al. 1990, Vliegher 1992, Woods and Gossette 1992, 
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Yool et al. 1985). However, there are also some experiences with global, low resolu¬ 
tion, fire risk maps (Chuvieco et al. 1998, Miller et al. 1986, Werth et al. 1985). 

For an in-depth analysis on the application of this technology to fire risk mapping, 
we will first consider the generation of the different risk and hazard variables, and 
then discuss the different schemes for their integration in a simple model of fire dan¬ 
ger. 


5 . 2.1 

Description of geographical variables of fire risk 

The applications of GIS to fire risk modelling have considered a wide range of 
hazard variables, depending on the specific characteristics of fire events in the differ¬ 
ent test sites. From the projects previously quoted, we may summarise the following 
list of variables: 

• Topography (elevation, slope, aspect and illumination). 

• Vegetation (fiiel types, moisture content). 

• Weather pattems (temperature, relative humidity, wind, and precipitation). 

• Accessibility to roads and camping sites. 

• Land property type. 

• Distance to cities. 

• Soils. 

• Fire history. 

• Water availability. 

From all these variables, the most complex to generate is the vegetation-fiiel map. 
Traditional vegetation maps are focused on the spatial delimitation of vegetation 
species following different taxons. From a fire management point of view, vegetation 
species are not primarily relevant for risk determination, since the same species may 
present completely different risk levels according to their morphology (height, den¬ 
sity, compactness, ratio of dead to live elements), physiology (oil contents, moisture 
status) or landscape situation (vertical and horizontal continuity). Fire behaviour 
depends more strongly on these factors than on vegetation species (Albini 1985, 
Anderson 1982, Burgan and Rothermel 1984, Rothermel 1978). 

In modelling fire behaviour, the great variety of vegetation characteristics related 
to the spreading of the fire has been summarised by the definition of different fiiel 
types (Andrews 1986, Deeming et al. 1977). Fuel types may be defmed as a classifi- 
cation of vegetation species according to their combustion properties (fiiel loading, 
density, vertical continuity, compactness, area to volume ratio; Anderson 1982). Most 
fuel models have been developed considering that surface fires are the rule rather than 
the exception, and therefore they mostly consider the understorey component of for¬ 
ested areas. This is the case with the models developed for the Behave fire simulation 
program (Andrews 1986), which is extensively used in fire propagation modelling. 
This focus hinders the discrimination of fuel types from remotely sensed data, since 
remote sensors only obtain information from the upper canopy layer, with very little 
penetration capability. On the other hånd, the average height and density of plants 
define some of these fuel types (for instance. Behave models 4, 5 and 6 are shrubs of 
different heights and densities), which are very difficult to discriminate from the 
spectral information gathered by remote sensors. 
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In spite of these difficulties, several papers have explored the use of satellite re- 
mote sensing to generate these fiiel models through digital image processing. How- 
ever, visual analysis techniques have also been applied (Miller and Johnston 1985, 
Willis 1985). Most attempts are local-scale oriented and have worked with Landsat- 
MSS or TM images (Bradley et al. 1994, Burgan and Shasby 1984, Campbell et al. 
1995, Castro and Chuvieco 1995, Cosentino and Estes 1981, Kourtz 1977, Rabii 
1979, Root et al. 1985, Salas and Chuvieco 1995, Salazar 1982, Shasby et al. 1981, 
Vasconcelos et al. 1998). However, there are also interesting experiences of global 
fuel type mapping using low resolution sensors like the NOAA-AVHRR (Burgan et 
al. 1998, Miller and Johnston 1985, Werth et al. 1985, Zhu and Evans 1994). The 
accuracy measured by these studies ranges widely according to the different fiiel 
types considered. Globally, an estimated accuracy of 65 to 80% has been obtained for 
Behave fuel types. Discrimination was particularly difficult between models 4 (high 
density and tall shrub, around 2 meters high), 6 (shrub between 0.6 and 1.2 meters) 
and 7 (similar shrub to model 6 but mixed with tree species) of the Behave program. 
They are spectrally very similar and usually require auxiliary information to achieve 
significant levels of accuracy (Salas and Chuvieco 1995). In the case of both Cana- 
dian-FBP and USA-NFDRS fiiel models, which are more general than the ones used 
in the Behave system, accuracies are somewhat greater, ranging from 70 to 88% 
(Bradley et al. 1994, Burgan et al. 1998, Dixon et al. 1984, Root et al. 1986). 

For digital classification of fuel types, topographic variables and texture bands 
have been commonly processed along with the original bands (Salas and Chuvieco 
1995). More recently, neural network analysis and spectral unmixing has also been 
used for fuel type discrimination (Vasconcelos et al. 1998). Radar data might also 
provide complementary information for fiiel mapping, particularly at local scale, 
since radar is very sensitive to temporal and spatial variation of the canopy (Churchill 
and Sieber 1991). 

The human component of fire risk is critical in most Mediterranean countries, 
since human beings are the main agents of fire ignition, either by carelessness or 
arson. The spatial analysis of human risk is quite complex to model, since human 
activities related to fire are very diverse and difficult to be spatially represented. 
Therefore, to simplify the process two approaches may be considered: (i) deductive 
and (ii) inductive. 

In the first alternative, human risk maps are created by overlaying several variables 
related to fire ignition. Some of these activities are spatially concrete, such as recrea- 
tion and buming of shrubland for pastures, which tend to be associated to particular 
areas of that cover. However, some others do not have a clear spatial pattem, such as 
arson, which is the main cause of fire ignition in some areas. Therefore, mapping all 
the human factors that may cause fire ignition is very complex. 

The second approach for human risk modelling is more inductive, and tries to map 
human risk by relating location of fires to specific areas of land use or human activity. 
For instance, roads, camping sites, cities, urban-forest interface, or specific land use 
types may be related to fire occurrence (Alcåzar et al. 1998, Chuvieco and Congalton 
1989, Langhart et al. 1998, Martell et al. 1987, Vega-Garcfa et al. 1993, Vliegher et 
al. 1993). In the case of having access to fire perimeters of past events, they could be 
used to weight the different variables related to human activity by means of local 
adjustments, which may be based on multiple regressions (Castro and Chuvieco 
1998, Chou 1992). 
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As far as climatological variables is concemed, the main problem to solve is the 
accurate spatial interpolation of single point observations (where the weather stations 
are located) to create grid layers. For instance, temperature or air humidity data are 
usually obtained from meteorological weather stations and therefore do not cover the 
whole territory. To obtain temperature or air humidity maps spatial interpolation 
techniques must be applied (Fujioka 1983, Hubbard 1994). The most frequently used 
techniques for the spatial interpolation of climate data are: 

• Thiessen polygons. 

• Weighted distance averaging. 

• Kriging. 

• Multiple regressions with auxiliary variables. 

The first three procedures are based on distance, while the fourth assumes a strong 
relationship between the meteorological variable to be interpolated and the auxiliary 
variable (commonly elevation). The former are simpler to perform, but they do not 
account for the effect of topography (Burgan et al. 1998). Consequently, they are not 
very convenient, especially when the weather station network is very sparse and there 
are sharp contrasts in altitude. Extrapolation criteria might be used for the spatial 
distribution of air relative humidity, if some assumptions are held and a temperature 
map is previously generated (Chuvieco and Salas 1996). Wind data, on the contrary, 
is very difficult to interpolate, since wind flows are very difficult to model in complex 
terrain (Fosberg and Sestak 1986, McCutchan and Fox 1986, Ryan 1983). 

5.2.2 

Criteria to integrate forest fire danger variables 

After creating the different risk and hazard layers to be included in the model, the 
most critical problem is to establish a coherent criterion to properly combine those 
variables. Since the goal is to obtain a single fire risk index, the component variables 
(vegetation, topography, weather, etc.) should first be classified in a numerical scale 
of risk and then combined into a single index. In some cases, the creation of risk 
levels from the original variables implies changing the nominal-categorical scale to 
an ordinal scale. For instance, different fuel types or slope ranges should be assigned 
a numeric value associated with a specific risk level. On the other hånd, the integra¬ 
tion of these layers in a single risk index requires that a weight be applied to each 
variable according to its importance on the fire occurrence (i.e. how much riskier are 
the fuel types than the slope?). 

Both questions may be approached in a qualitative-subjective way or by using a 
quantitative-objective scheme. The former results from the experience of experts who 
assign risk levels and weights according to their own perception of fire risk in the 
area. The simplest way to develop this procedure is to create risk tables, where the 
combinations of two variables are assigned specific danger values (Brass et al. 1983, 
Gouma and Chronopoulou-Sereli 1998, Salas and Chuvieco 1994, Yool et al. 1985). 
Tables 5.1 and 5.2 include examples of such combinations. 

The main problem of this approach lies on its subjectivity and local validity. Ex¬ 
perts make the decisions, but even assuming their good knowledge of fire events in 
the study area, the method dæs not offer a clear rationale for extending the defined 
criteria to other areas. On the other hånd, qualitative categories do not provide a clear 
image about gradients of risk presented in the field. 
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Table 5.1. Fire risk model proposed by Brass et al. 1983 (study area in Nevada) 

Vegetation 

Slope 

I 

II 

III 

IV 

V 

0-9 

Low 

Low 

Moderate 

Moderate 

Moderate 

10-19 

Low 

Moderate 

High 

High 

Very High 

20-29 

Moderate 

High 

High 

Very High 

Extreme 

30-39 

High 

High 

Very High 

Extreme 

Extreme 

40 and more 

High 

Very High 

Extreme 

Extreme 

Extreme 


I, Agiiculture, riparian, lush, grass; II, Sparse brush, sparse sage, sparse grass, hardwood, 
aspen; III, Jeffrey pine, pinyon/juniper < 30% of crown closure, cured grass, manzanita, 
medium density sage, mountain mahogany; IV, Jeffrey pine, pinyon/juniper 30-50% 
crown closure, dense sage; V, Jeffrey pine, pine > 50% of crown closure. 


Table 5.2. Fire risk index proposed by Salas and Chuvieco (1994) (study area in 
Central Spain). This index is a combination of risk associated to fire ignition and 
fire spreading 


Ignition 

Risk 

Behaviour Risk 
Very High 

High 

Moderate 

Low 

Very High 

Very High 

Very High 

Moderate 

Moderate 

High 

Very High 

High 

Moderate 

Moderate 

Moderate 

High 

High 

Moderate 

Low 

Low 

Moderate 

Moderate 

Low 

Low 


The quantitative approach to integrate fire-related variables can be achieved in 
different ways. First, it could be based on the selective weighting of danger vari¬ 
ables to create single danger indices (Abhineet et al. 1996, Chuvieco and Congal- 
ton 1989, Lu et al. 1990, Salas and Chuvieco 1994, Vliegher 1992). Commonly 
these weights are based in the knowledge of the authors, in a way similar to the 
qualitative criterion, but this procedure dæs offer a gradient of risk levels, which can 
eventually be classified in different risk categories or used as they are produced. 
Some examples of such indices (Salas and Chuvieco 1994): 

Ignition Risk: IR = 4 *H+3 * V+2 */-E, (1) 

where H represents human risk factor, V represents vegetation, I represents illumina¬ 
tion factor, and E represents the elevation factor. 

BehaviourRisk: BR = 5 * ¥ + 4 * 5+3 * A - E-FB, (2) 

where V represents fuel models factor, S slope factor, A aspect factor, E elevation 
factor and EB, the presence of fire-breaks. 

These indices require establishing previously quantitative risk levels for each vari¬ 
able. For instance, fuel types should be ranked according to their ignition or behav- 
iour risk. They are more objective than the qualitative criteria previously discussed, 
but they should be interpreted in a relative rather than an absolute way. In other 
words, they defme higher and lower levels of fire risk, but they cannot be used to 
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infer probabilities of fire ignition or rates of fire spread. Multicriteria evaluation tech- 
niques (MCE: Barredo 1996) may be a good alternative to reduce the subjectivity of 
this assigning process, since the opinion of experts may be quantitatively assessed. 
Moreover, each experfs opinion may be weighed according to his/her degree of 
knowledge in the field or the study area. MCE techniques have been used for fire risk 
mapping, weighing each risk variable after the expert’s opinion in two different sce¬ 
narios (Alcåzar et al. 1998). 

Another approach to obtain the weights of the different risk variables is using local 
regression analysis. Fire occurrence is the dependent variable, while fire risk vari¬ 
ables are the independent ones. Coefficients of multiple regression become the 
weights of each risk variable for the synthetic risk map. Models proposed in the lit- 
erature for obtaining these functions range fi*om simple multiple linear regressions 
(Castro and Chuvieco 1998), to logistic regression models (Chou 1992, Vega-Garcia 
et al. 1993) and neural networks (Chuvieco et al. 1998, Vega-Garcia et al. 1993). 
Since these models are produced by statistical fitting procedures, the accuracy can be 
assessed quantitatively (that is the percentage of original variance explained by the 
model), and therefore a better understanding of the importance of each variable in fire 
occurrence can be obtained. However, they cannot be applied outside the period and 
study area where they were produced, and therefore these models cannot be extrapo- 
lated to other study areas. 

Finally, the variables can be combined using outputs from standard danger indices 
or fi-om fire behaviour models. Examples are available on the use of the US National 
Fire Danger Rating System (Agee and Pickford 1985, Lu et al. 1990), the Spanish 
ICONA’s method (Chuvieco and Salas 1996), the Behave, Cardin and the Farsite 
programs (Caballero et al. 1994, van Wyngaarden and Dixon 1989, Vasconcelos and 
Guertin 1992, Woods and Gossette 1992). Using this approach, the risk maps pro¬ 
duced may be more easily integrated in other phases of fire management. However, 
since fire behaviour programs are basically focused on fire propagation, fire ignition 
risk is not clearly included in GIS models based on those programs. 

5.3 

Analysis of long-term fire risk on a European ievel 

5 . 3.1 

Introduction 

An example of the generation of integrated fire risk systems will be presented in 
this paragraph. The analysis is based on the results of the Megafires project, funded 
under the Environment and Climate Research Program of the European Union. 

The main goal of this research was to identify factors of fire risk at European 
scale. Fire occurrence is focused on large events (fires above 500 hectares), which are 
the most critical from an environmental point of view. 

The basis for this analysis has been the compilation of a database for the whole 
study area (Greece, Italy, South France, Portugal and Spain, with the exception of 
the Azores, Madeira and Canary Islands, respectively). The variables were ex- 
tracted from national or global databases: Land cover CORINE, the Digital Chart 
of World, National Geophysical Data Center's Globe project, Defence Meteoro- 
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logical Satellite Program (DMSP) data. Census data have been the most difficult 
data to compile, since they present more consistency problems between the differ- 
ent countries. Census data have also marked the geographical unit of reference. 
Since most of the human variables were only available at provincial level (NUT- 
3), this division has been used for all the variables. In case of geographical layers 
covering the whole territory (such as land cover, elevation and DMSP data), the 
average value for each province was computed to assure consistency among vari¬ 
ables. Within the study area, there are 164 NUT-3 provinces: 48 in Spain, 20 in 
Italy, 52 in Greece, 18 in Portugal and 26 in France. Sizes vary among the coun¬ 
tries, being larger in Italy and smaller in Greece as an average. 

5 . 3.2 

Selection of risk variables 

The selection of variables related to long-term trends of fire occurrence was 
performed from a previous literature review (Chuvieco et al. 1997), considering 
the limitations of data among the different countries. Three groups of variables 
were identified: geographical, dealing with terrain features (climate, land cover, 
roads, rails, etc.); demographic, related to population characteristics, and agricul- 
tural, referring to agricultural structure. 

The analysis of census data in this project presented two limitations: the geo¬ 
graphical unit of analysis, and the comparability between the countries involved. 
The first problem was addressed using the most conmion level of statistical spatial 
aggregation, that is the province. As for the second, some variables need to be 
discarded, either because they were not available in all the countries, or their 
meaning was not completely compatible and therefore comparisons would have 
been meaningless. This is the case of some variables that are, at least theoretically, 
related to human risk, such as property size, unemployment, and hunting practices. 
Since rural economies have strongly changed in most Mediterranean countries 
during the last 30 years, dynamic variables were also included in the analysis, by 
comparing present values with those measured in 1960. A whole set of 52 vari¬ 
ables taken from demographic and agricultural census were extracted for the 164 
provinces of the study area. The most critical are: Proportion of renters, Number 
and density of cattle, goats and sheeps. Proportion of agricultural area, Agricul¬ 
tural enterprises, Agricultural land (60-90), mechanisation, unemployment, popu¬ 
lation density, young index, aging index, active population, number of hotel beds, 
campings and proportion of second residences. 

Regarding the geographical variables, a brief description of the spatial analysis 
undertaken follows: 

• Elevation was obtained from two sources: National maps at 1:1,000,000 scale 
for Spain and Italy, and the GLOBE project (compiled by the U.S. Geological 
Survey at 1 km^ resolution). From the elevation data (Fig. 5.1), mean slope 
and roughness was computed using algorithms provided by Idrisi G.I.S. 
(Eastman 1993). 

• Land cover was extracted from the CORINE program, which is one of the 
layers generated for the European Environmental Agency (EEA 1996). The 
original coverage at 250x250 meters pixel size was degraded to 1 km^ for the 
integration with other GIS variables. This degrading was performed by ap- 
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Fig. 5.1. Elevation of the Megafires study area. 


plying a majority filter of 5x5 pixels to the original data and then a nearest- 
neighbour algorithm to the new l-km^ grid size. The original Lambert Conic 
projection was transformed to Albers Conical Equal-Area (ACEA), to be con- 
sistent with other data layers generated for the Megafires project (Vidal et al. 
1997). The European legend of the CORINE land-cover program was simpli- 
fied to six general fuel type categories: Grassland, Shrubland, Coniferous, 
Broadleaf, Agriculture, and Non-Vegetated (Plate 5.1). Finally, from each 
provincial unit, the percentage of each fuel type was retained for further proc¬ 
essing. 

® Density of roads and railways was computed from national maps and the 
Digital chart of the World. Both variables were originally coded in vector 
format. Consequently, the density calculation was also performed using the 
vector coverage of provinces using ARC/INFO (ESRI 1997). This software 
was also used to compute the centre point of each province (centroids), using 
standard tools provided by the software. 

@ Urban areas were assumed to be related to fire risk, since recreational uses of 
forests are some of the most important factors of fire ignition by accidents or 
carelessness. Since urban areas are very dynamic, satellite information was 
considered as a source to map urban land cover at global scale. Data from the 
Defence Meteorological Satellite Program (DMSP) provide a global view of 
city lights, since this satellite includes a very sensitive radiometer operating at 
night in the visible Spectrum. The NGDC in Boulder, Colorado, process these 
data to generate a world database of city lights (Elvidge et al. 1997). City 
lights data from Eurasia were extracted from the Internet server at NGDC. 
The area of the Megafires project was delimited and converted to the ACEA 
projection (Fig. 5.2). 

® Climatic regions were generated from the Joint Research Center climatic 
database archived at the MARS unit. This database provides daily values of 
various meteorological variables at a 50x50 km resolution. Average values for 
the last 30 years were used to classify each cell. Among the numerous cli¬ 
matic classification systems, the Koppen method was selected because it of¬ 
fers several advantages: it is simple, commonly accepted and based on bio- 
climatic criteria. The original Koppen system was reduced to fewer classes 




70 Integrated fire risk mapping 



Fig. 5.2. DMSP city lights map of the study area (Source NGDC). 


and those not presented in the Megafires study area were discarded. The final 
map includes the following climates: BSh+Csa, BSk, Cfa, Cfb+Cfc, Csb+Csc, 
Dfb+Dfc (Plate 4.1). The proportion of each provincial unit per climate type 
was extracted after cross-tabulation between the Koppen and the provincial 
GIS layers. 


5.3.3 

Techniques to estimate large fire occurrence 

The number of large fires and burned area in each province of the EU Mediter- 
ranean countries were compiled from national statistics for the study period (1991 
to 1995). This interval covers different trends of fire occurrence, 1991 and 1994 
being the most disastrous, and 1992 and 1995 the most favourable. Distribution of 
large fires in the different provinces shows typical patterns of occurrence in the 
Mediterranean countries (Fig. 5.3). The most affected areas are the Coastal regions 
in the Eastern part of Greece and Spain, the Central region of Portugal, Sardinia 
and Sicily in Italy, and Corsica in France. 

Presence of large fires in each provincial unit was selected as the target variable 
to identify factors of fire occurrence from the risk variables previously selected. 
Two techniques were selected to perform this analysis: Logistic Regression and 
Artificial Neural Networks. As said before, both techniques have been previously 
used in the estimation of fire occurrence. Additional analysis was performed with 
the number of large fires per provincial unit. In this case, linear regression analysis 
was used instead of logistic regression, since this latter technique can only be 
applied to dicotonomous variables (fire/not fire). Neural networks were applied 
both to the presence or absence of fires and the number of fires per provincial unit. 

5,3,3.1 

Logistic Regression 

Logistic Regression (LR) is a quite flexible tool, since it accepts the input of a 
data set composed of continuous and/or categorical variables as well as non- 
normally distributed ones. Several independent variables can be included in the 
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Fig. 5.3. Occurrence of large fires (above 500 hectares) in the study 
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model. Its main characteristic refers to the binary format of the dependent variable 
(0/1). In our case, the technique was used to predict occurrence/not occurrence of 
a large fire in each province, but it cannot be applied to estimate the number of 
large fires in each province. LR analysis is based on the following function: 

f(z)=ll{l+e^), (3) 

where z is obtained from a linear combination of the independent variables esti- 
mated from a maximum likelihood fitting: 


z — cr-H P\X\ + + ... + yS (4) 

where a is the constant and the weighing factor of the variable Xn. Z values 
can be interpreted as a function of the probability of occurrence. F(z) converts z 
values in a continuos function that ranges from 0 to 1. Usually, LR values below 
0.5 are assigned to non-occurrence of the independent variable (in our case, large 
fires), while values above 0.5 are considered as predictors of occurrence. How- 
ever, this threshold can be modified according to the average value of the occur¬ 
rence. 

In order to avoid the effect of multiple correlation and the noise produced by 
the large number of variables in our study, a previous analysis to select the most 
significant variables was carried out. Some variables were normalised by using 
logarithmic transformations. Although it is not a requirement in LR, these trans¬ 
formations assure a more robust estimation as well as the possibility of comparing 
the results with other methods. Multiple correlations were computed after group- 
ing the variables in three categories: (a) geographical variables (elevation, climate, 
land cover); (b) demographic (population growth, density and age structure, etc.), 
and (c) agricultural (density of land plots, rural enterprises, cattle, etc.). In the case 
of finding a pair of variables with Pearson r values above 0.5, only one was se- 
lected for subsequent analysis, to avoid colinearity effects and to simplify the 
process. After eliminating the most correlated variables, the following were se- 
lected: 
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• geographical: Bsh-Csa, Csb-Csc and Bsk Koppen climates, elevation, propor¬ 
tion of broadleaf, distance to roads, proportion of agricultural cover and den¬ 
sity of lights; 

• demographic: population density 90, difference in ageing index (90-60), dif¬ 
ference in youth index 90-60, active population 90, difference in industrial 
population 90-60, difference in services population 90-60, unemployment 90, 
and difference in active population; 

• agricultural: density of agricultural enterprises 90, difference in agricultural 
area 90-60, difference in agricultural companies 90-60, proportion of renters 
90, differences in renters 90-60, density of cattle 90, density of sheep 90, den¬ 
sity of goats 90, difference in size of agricultural enterprises 90-60. 

These variables were input into three different LR, one for each of.the above 
groups, in order to find out the most significant variables to explain fire occur- 
rence. In all cases, the occurrence of large fires (0 not affected, 1 affected) was 
used as dependent variable. LR was performed with the Stepwise Forward Selec- 
tion algorithm included in the SPSS statistical package (SPSS 1995). 

Considering the geographical variables, the LR model predicted 79% of the 
large fire occurrence. The following variables were found significant: Bsh-Csa, 
Csb-Csc and Bsk (Koppen climates), elevation, % broadleaf, distance to roads and 
density of lights. 

As for the demographic variables, 75.47% correct estimation was obtained and 
the following variables were selected: population density 90, difference in ageing 
index, active population 90, difference in industrial population, and difference in 
active population. All of them were significant at 95% confidence level. 

Finally, the LR model with the agricultural variables provided a general agree- 
ment of 69.94%. The selected variables were density of agricultural enterprises 90, 
density of cattle 90 and differences in renters 90-60. 

In order to build a global LR model, including the geographical, demographic 
and agricultural variables, a new correlation matrix was computed between them. 
Two variables, density of lights and density of agricultural enterprises, were dis- 
carded because of their close correlation with population density. Additionally, the 
three climatic variables were synthesised in just one, summing up the proportion 
of area covered by either Koppen’s climate BSh, BSk or Cs. Consequently, 10 
variables were finally selected for the LR model. As in the previous analysis the 
stepwise forward selection was used. 

The final model was computed from 161 cases. Three provinces were discarded 
because of offering a high bias. The final model provided by LR was: 

z = 0.8349 DENSI90 - 0.2168 POBACT90 + 0.6631 ALTIMED - 0.3524 
BRLEAF+ .0229 CLIM_BC, 

where DENSI90 is the natural logarithm of population density; POBACT90 is 
active population 90, ALTIMED is mean elevation; BRLEAF is proportion of 
broadleaf trees and CLIM-BC is the provincial proportion with Koppen climates B 
and Cs. The signs of the coefficients are logical, since the fires are expected to be 
higher at greater population densities, higher elevations (rougher territory), more 
arid climates, with less active population and less area covered by broadleaf trees. 
The significance level is higher than 99% for active population, climate and 
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population density, which should be considered as the variables most clearly re- 
lated to large fu-e occurrence. 

Table 5.3 offers an assessment on the performance of the model. A global accu- 
racy of 78.26% was obtained in the estimation of large fu-es between 1991 and 
1995. This prediction is quite high, considering the great diversity of the study 
area (geographical as well as national particularities). This performance is even 
better if only omission errors are considered, since only 11% of the provinces 
where fu-es occurred have not been estimated as such. Conunission errors are 
higher (almost 40% of the provinces predicted as having a large fu-e were not 
affected), but these errors are less critical than omission errors from a fu-e man¬ 
agement point of view. 


Tabie 5.3. Observed versus predicted cases for the LR model (1991-1995) 



Predicted (cases) 


Percent Correct 

Observed (cases) 

0 

1 


0 

38 

25 

60.32% 

1 

10 

88 

89.80% 

Overall 



78.26% 


The parameters of the model are also quite significant. The log likelihoods are 
223.19 and 146.22. These values can be used to derive a global index to estimate 
goodness of fit by using the following formula (Darlington 1980): 

LRFCl = {exp[(LUodei- LLq) / N] -1} / [exp (LLo/N) -1]. (5) 

For this problem, the LRFCl offers a value of 0.27, which is equivalent to a 
Pearson multiple r value of 0.52. The chi-squared value of the model is 76.98, 
while the threshold value at 95% confidence level is 11.1 (with 5 degrees of free- 
dom). Therefore, the nuli hypothesis can be rejected with a high level of confi¬ 
dence. 

The LR function derived from the final model makes it possible to compare the 
geographical distribution of expected versus observed occurrence of large fires 
(Fig. 5.4). Most provinces are predicted correctly. The main exceptions refer to the 
Piamonte and Lombardia regions in Italy and Navarra in Spain, which, in spite of 
possessing a low expected occurrence, have suffered several large fires in the 
period. In these cases, the effect of climate is quite obvious, since they present 
primarily an oceanic climate (and, therefore, low proportion of BS-Cs), which 
causes a low fire expectancy. It should be underlined that most fires affecting 
these regions occur mainly in winter or spring, and therefore they show a different 
pattern with respect to other Mediterranean regions. 

The opposite effect, that is regions of predicted fires that were not actually af¬ 
fected, concems some provinces in central Spain (Cordoba, Segovia, Soria, Palen- 
cia, Rioja), West of the Iberian Peninsula (Coruna, Braga), Southeast of Italy 
(Puglia), and West of Greece. In most cases, these are provinces with a high pro¬ 
portion of Mediterranean climate, medium to high population density and prob¬ 
lems of unemployment. Although quite endangered, they were not affected by 
large fires in the period. 
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Fig. 5.4. Actual versus predicted occurrence of large fires by LR techniques (1991-1995). 


To perform a final test on the LR model, a new equation was generated from a 
random sample of 60% of all the provinces. The other 40% of provinces v^ere 
used as test cases. The LR model was created following a similar approach to the 
previous one. A threshold below 0.5 was also selected to discriminate between 
occurrence/not occurrence. In this case, as could be anticipated, the fitting is 
poorer that in the previous equation (Table 5.4). A global accuracy of 60% was 
achieved, which could be considered a good estimation, especially taking into 
account the rate of omission errors (37.5%). The same variables as the previous 
model were identified as significant to explain fire occurrence in these test prov¬ 
inces. Geographical distribution of the estimations is included in Plate 5.2. 


Table 5.4. Observed versus predicted cases for the LR model. Test provinces 



Predicted (cases) 

Percent Correct 

Observed (cases) 

0 

1 


0 

14 

11 

56.0% 

1 

Overall 

15 

25 

62.5% 

60.00% 


5.J.5.2 

Linear Regression 

Linear regression analysis was applied to estimate the number of large fires in 
each provincial unit. Following a similar criteria to the logistic regression, a previ¬ 
ous selection of significant variables in each thematic group (geographical, demo- 
graphic and agricultural) was undertaking. Afterwards, exploratory analysis to the 
resultant variables was carried out to assure normal distribution of the independent 
variables. Some were log-transformed. 
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Multiple linear regression was computed for the final set of 30 variables. Crite- 
ria for selecting the independent variables were based on iterative stepwise for¬ 
ward method with thresholds of significance at 0.05. The final model retained 
was: 

NF= 13.467 - 0.273 POBACT90 + 0.161 DIFPOBACT + 0.051 BSHCSA - 0.113 
DENCAP90 + 0.048 DENOVI90 - 0.060 AGRICULT -0.073 DIFREN, 

where NF is the number of large fires; POBACT90 is the percentage of active 
population in each province for 1990; DIFPOBACT is the difference in active 
population between 1960 and 1990; BSHCSA is the proportion of provincial area 
covered by Koppen climates Bsh and Csa; DENCAP90 is the density of goats for 
1990; DENOVI90 is the density of sheep for 1990; AGRICULT is the proportion 
of agricultural cover in each province and DIFREN is the difference in agricultural 
renters between 1960 and 1990. The RMS error of this estimation is 5.4 fires. The 
highest errors correspond to Sardegna in Italy, Valencia, Castellon and Leon in 
Spain, Lesbos in Greece and Guarda in Portugal. All of them presented more than 
10 fires of error in the estimation. These provinces, with the exception of Lesbos, 
had very high incidence of large fires in the study period. 

5.3.3.3 

Artificial Neurai Networks 

A neurai network (or more properly Artificial Neurai NetWork, ANN) is a net- 
work of many simple processors ("nodes"), each possibly having a small amount 
of local memory. Communication channels (“connections”) which usually carry 
numeric (as opposed to symbolic) data, encoded by any of various means, connect 
the nodes. ANNs try to simulate the processes of learning carried out in the human 
brain, as long as we know how it works. 

ANNs learn from examples and exhibit some capability for generalisation be- 
yond the training data. This capacity has been extensively used in the past years to 
classify different types of data (Benediktsson et al. 1990, Bischof et al. 1992, 
Hewitson and Crane 1994, Openshaw 1994). The ANN does not have restrictions 
commonly found in traditional statistical techniques, such as normality or inter- 
val-scale information. Additionally, discrimination functions can be very complex, 
since the availability of different hidden layers makes it possible to define multiple 
connections between the input nodes, which do not need to be linear. 

In order to achieve this learning process, ANNs are organised in layers (usually 
1 to 5, albeit few of them need more than 2 or 3). Each layer has 1 or more 
“nodes” or “neurones”, usually connected with all the nodes of the next layer. All 
the training process of ANNs deal with the calculation of the strength of this con- 
nection, for which purpose several algorithms have been developed, among which 
Quickprop and Backprop were tested in this analysis. 

ANN structures were applied to the same estimations described previously. 
Both large fire occurrence/not occurrence and number of fires were predicted 
from the ANN. In order to make results comparable with the LR method, a similar 
set of variables was selected to train the ANN. In this case, instead of training 
three different networks (one for each group of variables), the same group of 
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variables found significant after the preliminary analysis performed for statistical 
adjustment was selected. Consequently, a total of 26 variables was considered, 
among them forested area, population density 90, differences in active population, 
proportion of area under different Koppen climates, average elevation, proportion 
covered by broadleaf trees, proportion of agricultural area, density of lights, den¬ 
sity of agricultural enterprises, agricultural area, density of cattle, goats and sheep. 

In spite of the flexibility and fitting power of the ANN, one of the main draw- 
backs of this technique refers to the lack of general rules to decide the most con- 
venient algorithm for training the network. A “trial and error” strategy is recom- 
mended by most authors, taking into account two performance criteria: reduction 
in the residual error and lack of “over-training”. This last phenomenon can be 
detected when a validation set, running simultaneously with the trainiitg process, 
shows an increasing RMS, while the overall RMS of the training set decreases. 
This problem derives in an "overfitted net" and should be avoided. For the purpose 
of this project, the two aspects were considered. In all trials, 80% of cases were 
used to train the ANN and the remaining 20% to verify the accuracy. 

The Quickprop algorithm provided the most accurate estimation of large fire 
occurrence. For the first case of estimating the fire/not fire occurrence for the 
whole period 1991-95, a three-hidden layer network was selected with 6, 1, 1 
nodes (Fig. 5.5). In this case, the ANN predicts the 98.15% of the observed val¬ 
nes, and all of them were correctly estimated. The fitting was obtained after 5,000 
iterations, which provided an overall RMS error of 0.15. 

Since the ANN are based in several hidden layers, where all the nodes are in- 



Fig. 5.5. Artifical Neural Network structure for the estimation of large fire occurrence. 
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terconnected, it is very complex to find out what are the most significant variables 
that affect fire occurrence. In this aspect, the ANN are like a “black box” with few 
analytical possibilities to measure the influence of the independent variables in the 
estimation. An indirect method to find out the most critical variables of the model 
was undertaken in the Megafires project. This method is based on replacing the 
original values of each input variable by random values, after the network is 
trained. We assumed that the increase in the RMS error produced by such a 
change should reflect the relative importance of that variable in the whole fitting. 
If the variable is significant, randomising it should give us a greater RMS with 
respect to a marginal one. Repeating this step with each variable showed the rela¬ 
tive importance of all of them. Randomising Csb-Csc climates, average distance to 
the roads, active population in 1990, agricultural area, differences in population 
working in the services between 1960 and 1990 and population density provided 
the highest increment in RMS. Therefore, these should be the most critical vari¬ 
ables in the estimation of fire-not fire. 

Although this method may seem promising, some caveats should be stated. It is 
necessary to remember that the relations established by the network between the 
variables are not necessarily linear, and in faet, these relations may be different 
among variables. Consequently, changing the values of a single variable may 
affect the weight of others, which may be related with it. That variable can trigger 
the influence of a third variable perhaps strongly related with the previous one 
(with a funetion of unknown order) and over which we have no Control in the 
experiment. Furthermore, we do not have the direction (sign) of the influence of 
each variable (positive or negative influence). 

Following the same test performed for the LR model, a new ANN was trained 
for 60% of the provinces, in order to test the performance of the network for the 
remaining 40%. A different topology with respect to the one previously applied 
was used to train the ANN (1 hidden layer with 3 nodes). As in the case of the LR 
model, the prediction is considerably lower than for the prediction of the whole set 
of provinces (Table 5.5). However, the ANN still performs better than the LR 
model, offering an overall accuracy of 69%, and with mueh lower omission than 
commission errors (22 and 37.5%, respectively). The estimation is satisfactory for 
most of the provinces, with the exception of those affeeted primarily by winter 
fires (North of Spain and Italy) and some regions in central and northern Greece, 
in which actual fires were not predicted (Plate 5.2). Commission errors are located 
^ Central Spain and Greece, with a high physical risk of being burned, but not 
affeeted by large fires within the study period. 

Table 5.5. Observed versus predicted cases for the Artificial Neural Network 

model. Test provinces 



Predicted (cases) 

Percent Correct 

Observed (cases) 

0 

1 


0 

17 

12 

52.62% 

1 

8 

28 

77.78% 

Overall 



69.23% 


The ANN models are not limited, as LR techniques, to binary variables. There¬ 
fore, they can be used not only to predict fire/not fire, but also to estimate number 
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of large fires in each province. This objective was pursued with a new training; in 
this case the output variable was the number of fires per province. After several 
trials, the lowest error was obtained with a back-propagation algorithm, using two 
hidden layers of 11 and 7 units, respectively. 

Differences in estimated versus observed number of fires are quite low, with a 
maximum residual of 7 fires in the province of Barcelona. The residual mean 
squared (RMS) is 0.024, somewhat higher than the threshold. Scaling this value 
provides a residual error of 1.7 fires, which is much lower than the 5.4 fires or 
error measured from linear regression analysis of the same data. Using a standard 
value of 3 times the RMS, 98% of the cases are included in the estimations, since 
only 2 provinces (Barcelona and Trikala) present errors higher than 5 fires. 


5.3.4 

Conciusions 

A draft estimation of global patterns of large fire risk across the European 
Mediterranean Basin was accomplished in this project. Two techniques. Logistic 
Regression (LR) and Artificial Neural Networks (ANN) were used to predict oc- 
currence of large fires for the study period of 1991 to 1995. According to the Lo¬ 
gistic Regression model the variables more clearly related to large fire occurrences 
are the proportion of BS-Cs climates, population density, elevation, unemploy- 
ment and lack of broadleaf cover. ANN offers a robust estimation of fire occur- 
rence, but it provides fewer insights into the most critical variables affecting the 
outbreak of large fires. 

Estimated fire occurrence maps are a useful tool for managing global trends of 
fire risk, by pointing out those regions which offer a more consistent and stable 
risk of being affected by large events. 


5.4 

Examples of local-scale risk analysis 

Local-scale fire risk studies are very useful for planning strategies for forest 
prevention through determination of spatial and temporal patterns of forest occur¬ 
rence, as well as for the consideration of combustion potential of each fuel type 
and the study of man-made effects on natural forest (traditional agricultural prac- 
tices, settlements, electric network, etc.). Furthermore, they can be the basis to 
assign priorities to the different tasks for fire prevention, like prescribed burning, 
planning of recreational activities, or building structures for (water reservoirs, road 
tracking, etc.). Finally, local-scale studies are used to support detection and ex- 
tinction of active fires, by improving current network of watch-out towers, as well 
as the location of aerial and terrestrial fire fighting resources. 

Among the different methods offered at local-scale studies, some of which have 
been reviewed previously, an integrated system currently being used by forest fire 
managers of the Andalucia region (South of Spain) is presented here in more de¬ 
tail. A brief review of its current application is also addressed. 
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5A1 

Proposal for a local-risk index 

The index is based on the analysis of the different factors related to fire ignition 
and fire spreading. The principal components of this index are shown in Fig. 5.6. 
The two main components are related to historical occurrence and potential dan¬ 
ger. 

Due to the spatial resolution of historical fire statistics, which are required to 
obtain the component related to fire occurrence, the spatial resolution of long-term 
fire risk is usually calculated at 10x10 km cells, and covers the whole region of 
Andalucia (87,000 km^). However, the components related to potential danger can 
be obtained at much finer spatial resolution. Those components require digital 
elevation data, climatic information and fuel maps. The two former were obtained 
from the regional geographical information system (Sinamba) established by the 
Environmental Agency of the region. The Fuel Map was produced by direct assig- 
nation of forest categories of the land cover and vegetation map of Andalucia after 
intense field work. A total number of 46 forest categories were defmed in the land 
cover map. 

The historical occurrence or frequency index (Fi) can be defined in several 
ways (ICONA 1981). A simple way is by relating the number of fires in each cell 
to the number of years of the period considered: 

Fi = -Xni» (6) 

a 

where a is the number of years in the study period and ni the number of fires per 
year. This index is complemented with a causality index C, defined as: 


Local Fire Danger Indices 


Historie Danger indices 

Potential Danger Indices 


■ 

J 

■ 



* Frecuency Fire Index 

* Causality Fire Index 


* Ignition Index 

* Dynamic Behavior 
Index 

* Energetic Behavior 
Index 


Fig. 5.6. Stmcture of the local-risk index proposed for the Andalucia region. 
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( 7 ) 

a " ni 

where a is again the number of years in the study period, c/” the cause coefficient 
(weighted by cause type), nini the number of fires by cause type, year and cell, 
and ni the number of fires per year and cell. The different causes are weighed 
according to the risk they historically generated: arson 10, negligence 5 and un- 
known 5. 

The potential danger index, with independence of the historical analysis, pro- 
vides an indicative about the risk associated to fuel type and condition, as well as 
topographic and atmospheric characteristics. This index, proposed by Rodriguez 
(1995 and 1998b), is based on three factors related to the ignition probabilities 
associated to each fuel model, the propagation properties and the energetic be- 
haviour, once the combustion is Consolidated. The information provided by these 
three components is well adapted to the three phases that characterise the organi¬ 
sation and consolidation of the combustion phase. Although the basis for calcula- 
tion are 10x10 km squared cells, fuel data were compiled at 5x5 km resolution, by 
dividing each of the former cells in four squares. The three components of the 
potential danger index (PDI) are the ignition index (L^), the dynamic behaviour 
index (I^) and the energetic behaviour index (I^). All of them range from 0 to 10, 
and the final index is the summation of the three indices: 


PDI — lig + led + Ice • 


( 8 ) 


These components are defined as follows: 

1. Ignition index (lig): 


Iig = 2:PMi*(Cig)i*Si/S, (9) 

where PMi is the probability of ignition for fuel model (i); Cig, the coefficient of 
ignition of fuel model (i); Si the surface of fuel model (i), and S the total surface of 
the cell. PM values are computed from air temperature and humidity, corrected by 
slope, aspect and degree of illumination. This parameter is direetly related to 
weather and topographic conditions. Values of the ignition coefficient of each fuel 
model are included in Table 5.6. The values have been determined through direct 
observation of forest fires and field assessment of each fuel model. Model 1 has 
been taken as the basis to scale (between 0 and 10) the ignition values of the re- 
maining models. 

2. Dynamical behavior index (I^): 

I^ = XPi*Si/S,^ (10) 

where Pi is an index computed from the rate of spread, and Si and S are the same 
as in (9). Pi values are included in Table 5.7. 

3. Energetic behaviour index (I^): 


= I (Vpi + Ali + li + Csi) * Si/(4*S), 


(11) 
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Table 5.6. Values of the ignition coefficient for diferent fiiel models 


Fuel type 

C 

. . 

Fuel type 

C 

Model 1 

1 

Model 8 

0.5 

Model 2 

1 

Model 9 

0.4 

Model 3 

0.9 

Model 10 

0.2 

Model 4 

0.6 

Model 11 

0.2 

Model 5 

0.2 

Model 12 

0.1 

Model 6 

0.6 

Model 13 

0.1 

Model 7 

0.7 



Table 5.7. Values of propagation index for different ROS 



Rate of spread 
(ROS) in m/min 

(Pi) values 



0-10 

1 



11-20 

2 



21-30 

3 



31-40 

4 



41-50 

5 



51-60 

6 



61-70 

7 



71-80 

8 



81-90 

9 



>90 

10 



Table 5.8. Energetic behaviour index values for different rate of spread condi- 
tions 


ROS 

(m/min.) 

L 

flame (m) 

I 

Kcal/m/sec 

CS 

Kcal/m^ 

Ice 

index 


0-10 

0-0.5 

0-334 

0-2090 


1 

11-20 

0.51-1.0 

335-752 

2091-4180 


2 

21-30 

1.10-1.5 

753-1087 

4181-6270 


3 

31-40 

1.51-2.0 

1088-1421 

6271-8360 


4 

41-50 

2.10-2.5 

1422-1756 

8361-10450 


5 

51-60 

2.51-3.0 

1757-2090 

10451-12540 


6 

61-70 

3.10-3.5 

2091-2424 

12541-14630 


7 

71-80 

3.51-4.0 

2425-2759 

14631-16730 


8 

81-90 

4.10-4.5 

2760-3093 

16721-18810 


9 

>90 

>4.5 

>3093 

>18810 


10 


where Vpi represents the index that depends on the rate of spread of the fire, Ah is 
a length-flame index, h is related to fireline intensity, Csi is and index related to 
heat by unit area, and Si and S are the same as in Eq.(9). Table 5.8 includes the 
main values of the Ice index for different rates of spread (ROS). 
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5.4.2 

Application at local levei 

The Potential Danger Index (PDI) is being utilised operationally for the fire 
management planning in the region of Andalucia. The valne of the PDI can be 
computed to study the spatial or temporal distribution of risk. The former is used 
to better locate long-term fire prevention resources (look-out towers, fuel man¬ 
agement), while the latter is used to plan specific actions in higher danger periods. 

For testing purposes, results on the computation of this index have been re- 
stricted to the Natural Park of Los Alcornocales, located in the South of the Re¬ 
gion. Although the basic management cell is 10x10 km for the limitatioii deri ved 
from fire statistics, the computation of the PDI can be performed at rnuch finer 
resolution, since fuel, meteorological and topographic information is available at 
very detailed scales (1:50,000 to 1:100,000). For the area of los Alcornocales, the 
calculation of the PDI has been performed at 5x5 km cell size, although the basic 
information for fuels and topography is at 20x20 meter cell size. Table 5.9 sum- 
marises the input parameters to compute the danger values of the different fuel 
types in each of the four management cells (5x5 km), which cover the global cell 
of 10x10 km. The spatial diversity of the different indices, related to topographic 
or fuel characteristics, is obvious. Consequently, the spatial differentiation of 
danger values makes it possible to focus prevention measures on the more risky 
areas of the Natural Park, or in those areas that would suffer greater damage in the 
case of being affected by fire. In both cases, the spatial information is critical for 
the fire manager, in order to reduce the impact of fire on very valuable areas. 

The meteorological data to compute the PDI for the Natural Park proceed from 
three weather stations located in the surroundings. Spatial interpolation techniques 
are used to obtain values of temperature, air humidity and wind speed for the cen¬ 
tre points of each management cell. Weather-related danger is computed three 
times a day at 8, 14 and 20 hours. The final calculation of the PDI for the four 
management cells of Table 5.9 and the three periods previously referred to are 
included in Table 5.10. 

It is important to emphasise that danger values change throughout the day, ob- 
viously not only within each cell, but also in the relation between the cells. For 
instance at 8.00 h cell B4b is the riskiest, while at 14.00 and 20.00 h, the most 
dangerous is B4c. This is critical for the fire manager, since fire prevention meas¬ 
ures may be spatially and temporally optimised. 

Figure 5.6 shows the fuel types of a 10x10 km cell of Los Alcornocales natural 
park, in which an important fire of 937 hectares occurred in 1997. This event may 
serve as a general assessment of the local-risk method proposed in this section, 
since PDI values were close to the high-risk level when the fire occurred (30.64 
while the threshold for high risk is 32.87). These values were computed at noon 
(12 h). They were mainly related to fuel conditions, and not so much to meteoro¬ 
logical risk, because wind speed was medium during the fire event. For this rea- 
son, fire managers were not completely aware of the risk before the fire started. 
Integral consideration of fire danger may improve current planning, by taking into 
account other factors more associated with local conditions (live and dead fuel 
moisture content, topography, and so on). 



[ntegrated fire risk mapping 83 


Table 5.9. Input parameters to compute the PDI of a sample of fire management 


cells CO vering the natural park of Los Alcornocales (Andalucia, Spain) 


Sub-cell Fuel Number of Surface 
Model cells (Hectares) 

Si/S 

Max Slope Mean Slope 
(%) (%) 

B4a 

2 

8450 

338 

0.1352 

34 

12.3 

B4a 

3 

1069 

42.76 

0.017104 

30 

7.6 

B4a 

4 

35 

1.4 

0.00056 

35 

23.7 

B4a 

5 

120 

4.8 

0.00192 

21 

10,1 

B4a 

7 

12407 

496.28 

0.198512 

40 

14,4 

B4a 

8 

39985 

1599.4 

0.63976 

42 

16.6 

B4a 

999 

434 

17.36 

0.006944 

42 

19.9 

B4b 

2 

10013 

400.52 

0.160208 

33 

11.2 

B4b 

3 

1563 

62.52 

0.025008 

24 

9.1 

B4b 

4 

151 

6.04 

0.002416 

20 

6.3 

B4b 

5 

112 

4.48 

0.001792 

31 

14.3 

B4b 

7 

19573 

782.92 

0.313168 

47 

14.9 

B4b 

8 

30736 

1229.44 

0.491776 

40 

16.2 

B4b 

999 

352 

14.08 

0.005632 

43 

18.4 

B4c 

2 

1829 

73.16 

0.029264 

34 

12 

B4c 

3 

3505 

140.2 

0.05608 

28 

8.1 

B4c 

4 

129 

5.16 

0.002064 

25 

12.5 

B4c 

5 

733 

29.32 

0.011728 

24 

10.2 

B4c 

7 

28192 

1127.68 

0.451072 

42 

13.2 


Table 5.10. PDI values computed for four adjacent cells and three different hours 
in a single day 


Hour 

PDI, B4a 

PDI, B4b 

PDI, B4c 

PDI, B4d 

8.00 

3.68 

3.64 

4.75 

4.15 

14,00 

5.28 

6.09 

6.68 

5.6 

20.00 

2.92 

3.22 

3.72 

3.41 


Obviously, this index can be computed for instantaneous evaluation of fire 
risk, as well as for general evaluation of long-term trends, which are critical for 
better management of fire prevention resources. 

Acknowledgements. Different groups within the Megafu*es consortium partici- 
pated in the generation of the database for the global study of large fire occur- 
rence: Instituto Superior de Agronomia, in Portugal; University of Torino, in Italy; 
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Fig. 5.7. Perimeter of "Los Barrios" large fire, affecting the natural park of Los Alcomo- 
cales (Andalucfa, Spain). The perimeter is drawn on the top of the Behave fuel models. 
Potential Danger Indices computed for each fiiel type were critical to obtain an accurate 
image of the spatial and temporal dynamism of fire danger. 


and Cemagref, in France, other than the authors of this chapter. Dr. José 1. Barredo 
and Ms. Montserrat Gomez dedicated a great effort to organise the global database 
and perform the logistic regression analysis. Meteorological data from the MARS 
project have been used to obtain the Koppen climatic map for the European 
Mediterranean Basin. 
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Plate 3.1. Landsat-TM images of the Cabaneros National Park: Top, April 23; Center, July 
21; Bottom, September, 23. 
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Plate 4.1 - Koppen climatic classification of the European Mediterranean basin. 
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Plate 4.2. Logistic model output estimated from ST in the European Mediterranean basin 
(July 19-23, 1996). The mapped area is the one for which the logistic model was developed, 
i.e. the climatic zones Csa, Csb and BS, with urban and agricultural 50 x 50 km^ grid cells 
masked out. 
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Plate 4.3. DC map estimated from NDVI in the European Mediterranean basin (July 19-23, 
1996). The mapped area includes the climatic zones Csa, Csb and BS, with urban and 
agricultural 50 x 50 km^ grid cells masked out. 
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Plate 5.1. Fuel type map generated from the Corine Land Cover database. 
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Plate 5.2. Predicted versus observed estimations of fire occurrence for the Logistic Regres¬ 
sion model (above) and the Neural NetWork model (below). Est-Obs means fires that were 
both estimated and observed; Nest-Nobs, means both non-estimated and non-observed; Est- 
Nobs and Nest-Obs imply commission and omission errors, respectively. 
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Plate 6.1. Fire growth evolution of the Bunol large fire (Valencia, Spain), derived from the 
analysis of NOAA-AVHRR daily data. 
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Plate 7.1. Landsat TM colour composites showing burn scars from the summer of 1995, 
around Coimbra, Portugal, a) RGB-321; b) RGB-432; c) RGB-743; d) RGB-647. 
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Plate 7.2. Time series of RGB-743 colour composites showing two flres from the summer 
of 1993, near the coast due west of Coimbra, Portugal. The images are not inter-calibrated, 
but were consistently histogram-stretched, to allow for visual comparison of the different 
dates, a) November 1992; b) October 1993; c) December 1994; d) September 1995; e) March 
1996; f) October 1997. The yellow square in b) marks the data sample used in fig. 7.4. 
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Plate 8.1. Multitemporal average values of several land covers: original channels 1 and 2 
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Plate 8.2. Multitemporal average values of several land covers: deri ved variables (NDVI, 
SAVI and GEMI) 
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Plate 8.3. Multitemporal composite from September 1991 for Southern Europe, created 
with the minC2 -> maxC4 procedure. AVHRR channels 4, 2, and 1 are in the red, green, 
and blue colour planes, respectively. 
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Plate 8.4. Multitemporal composite from September 1991 for the Iberian Peninsula. Sur- 
face temperature, GEMI, and albedo are allocated to the red, green, and blue colour planes, 
respectively. 
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Plate 9.1. Scale is a critical component for all studies involved in the spatial or geographi- 
cal domain. The four connotations of the spatial scale, that is cartographic, geographic, 
operational and measurement, lend to some particular characteristics of the methodological 
approach followed and the expected results. 
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Plate 9.2. One of the most particular characteristics of the Mediterranean landscapes is the 
high diversity and heterogeneity in terms of the spatial distribution and arrangement of the 
abiotic, biotic, floristic and ecological components. Sithonia peninsula, in Northeast 
Greece. 
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Plate 9.3. Two successive satellite images of Landsat-5 Thematic Mapper taken on 26 
August (before the fire) and 11 September (just after the fire) were acquired and constituted 
the basic source of information for bumed land mapping. The spectral channels TM7, TM4 
and TMI displayed in Red, Green and Blue color plane enhance the discrimination of the 
bumed surfaces. Actually, the burned areas appear in dark red, while vegetative areas in 
green, the sea in dark blue and the bare land, clouds and urban areas in the tones of the 
white and pink. 
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Abstract. The objective of this chapter is to review and discuss the use of near 
real-time sateiiite data for fire detection and fire growth monitoring, focusing on 
NOAA-AVHRR images. Capabilities and limitations of these images, as well as 
existing fire detection algorithms, are presented. Discussion on the potentials of 
filture remote sensing systems for real-time fire detection concludes the chapter. 

6.1 

Introduction 

Fire is a natural factor in the Mediterranean climate, which is characterised by 
high levels of vegetation stress during the summer. However, changes in tradi¬ 
tional land use pattems have recently modified the incidence of fire in such territo- 
ries, where forest fires have become more frequent and even more intense (see 
Chap. 2). Landscape patterns have changed over the last 30 years, increasing land 
cover homogeneity and as a consequence, fire risks and fire severity. Rural aban- 
donment in the European Mediterranean countries has implied an unusual accu- 
mulation of forest fuels. According to Smith and Woodgate (1985), doubling the 
amount of available fuel also doubles the rate of fire spread which in turn pro- 
duces a fourfold increase in fire intensity. Therefore, fire suppression becomes 
disproportionately more difficult as fuel accumulates. Under these conditions, 
large fires are likely to occur, having major effects on the productivity and stabil- 
ity of natural vegetation. The European Parliament has, on several occasions, 
identified this as a substantial regional problem and has requested both the States 
and the European Commission to find ways to improve the situation. This will 
probably have to focus on improving forest and fire management. 

In this context, reduction of ecological and economical damage will always re- 
quire effective fire fighting, the first essential component being the early detection 
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of the forest fire. Traditional ground-based visual detection methods are not al- 
ways appropriate for offering reliable information on fire location, size and inten- 
sity due to the small field of view one can get from the ground, often even more 
reduced by vegetation and/or difficult terrain. This is evident in the case of remote 
areas such as some boreal and tropical regions where conventional fire detection is 
difficult or impossible. Even if fire detection may not be considered such a critical 
problem in highly populated areas like the European Mediterranean Basin, where 
the main current detection system is based on fixed manned towers, fire-fighter 
personnet have underlined the importance of having accurate and frequent infor¬ 
mation on fire location and fire evolution for appropriate disaster mitigation and 
response. Improving the quality of current information about fire outbreaks will 
render the fire fighting decision-making process easier. 

Remote sensing has proven to be a valuable data source in different phases of 
fire management both before (prevention) and after the fire (damage assessment). 
Methodological aspects and applications of these phases are presented in other 
chapters of this book. A number of authors have also demonstrated the ability of 
remote sensing systems to provide timely information during the fire event (de¬ 
tection and monitoring). This is the topic of this chapter. Remote sensing obser¬ 
vation has significant advantages over conventional fire detection and fire moni¬ 
toring methods because of its repetitive and consistent coverage over large areas 
of land. 

There are a number of satellites and aircraft-borne remote sensing systems 
which can contribute to fire monitoring from space, including NOAA-AVHRR, 
Landsat-TM and MSS, SPOT, GOES, DMSP, ERS-ATSR, and JERS. The tempo¬ 
ral, spectral and spatial characteristics of these instruments provide a wide range 
of sensing capabilities (Justice et al. 1993) and some of them have been shown to 
be well adapted to fire detection application. However, up to now, only NOAA- 
AVHRR and GOES have provided long-term operational systems, allowing low 
cost direct reception and near real-time fire information. 

In the Mediterranean European countries, as far as fire-fighting is concerned, it 
is near-real time indication of a fire event at its very early stages (i.e. small fire) 
that will provide useful information for appropriate decision making and effective 
fire attack. To be useful, this information requires a synergy between temporal and 
spatial resolution of the satellite sensor. Current sensors were not specifically 
designed for such requirements, and were mostly applied initially in areas of low 
population density with many remote forests, such as boreal and tropical ecosys- 
tems as a tool for documenting spatial and temporal fire patterns and occurrence. 
However, the NOAA-AVHRR sensor is increasingly used for near real-time fire 
detection, and is currently being recognised as a potential useful contribution tool 
also in the Mediterranean areas. 


6.2 

Basis for fire detection from satellite data 


Fire produces four forms of signal that are easily observed from space (Robin- 
son 1991a): direct radiation from active fires (heat and light); smoke; post-fire 
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char; and altered vegetative stmcture (scar). Fire detection from sateilite images 
initially focused on analysing the first type of signal. 

According to the Planck function, a black body emits spectral radiation ac- 
cording to its temperature, and, for a given temperature, the emission varies as a 
function of the wavelength. Since fires have temperatures different from other 
natural surfaces, observations in the appropriate wavelength should allow their 
detection. According to Wien's displacement law, once we know the temperature 
of an object, it is possible to find out the spectral region Å^ax where the highest 
emitted radiance occurs: 



( 1 ) 


where T is the object temperature in K, and Cy^ is Wien’s constant (« 2898 pmK). 
Therefore, knowing forest fire temperature allows the selection of the most suit- 
able spectral region for fire detection. 

Forest fire temperature is difficult to estimate because it changes with, for ex- 
ample, fuel type, moisture content, wind, topography, and accumulated heat. 
Ground measurements are complex and they are strongly dependent on the loca¬ 
tion of the instruments because of the thermal anomalies that can be found within 
the fire. Until now, laboratory measurements, under controlled situations have 
been the best procedures for estimating fire temperatures for different fuel types 
and combustion characteristics. Using these measurements; forest fires tempera¬ 
tures have been estimated to lie in a range from 570 K, the minimum temperature 
for flaming combustion, to 1800 K, the maximum temperature in fires with heavy 
fuels (Robinson 1991b). According to these data and taking into consideration 
Wien's displacement law, the most suitable wavelength for fire detection is lo- 
cated in the middle infrared (MIR) spectral region between 3 and 5 /jm approxi- 
mately (Fig. 6.1). The radiation emitted by a fire at that wavelength being sub- 
stantially higher than terrestrial background emission (Table 6.1). 

While initially not designed to detect fires, most current sensors have a spectral 
band in this region, due to the existence of an atmospheric window located around 
3.7 /jm. 

A number of studies on the use of remote sensing systems for forest fire detec¬ 
tion at various scales and different regions have been undertaken in recent years 
(Justice et al. 1993). All of them tried to take advantage of the information ob- 
tained by different sensors in the MIR to discriminate forest fires. A brief review 
on radiance behaviour in this spectral region would be convenient for a better 
understanding of the capabilities and limitations of its use. 

The MIR region presents an important contribution of solar energy, therefore, 
the radiance detected by the sensor is a mixture of emitted and reflected energy, 
simply expressed as: 



( 2 ) 


where Lsen is the radiance that reaches the sensor in the MIR, Lref is its solar re¬ 
flected component and Lem is its thermal emitted component. The reflected part of 
the radiance reaching the sensor can be described as: 


^ref ~ PA ^ref 


(3) 
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Fig. 6.1. Black body spectral hemispherical exitance according to Planck’s fiinction. 


Table 6.1. Amplification factors and spectral emission maxima for background 
and fire temperatures at 3.7 and 10.0 pm (after Robinson 1991) 
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where: 

p = the reflectance piOi^øh 6r.(pr.P), which is a function of the geometry 
of illumination and observation (characterised by the solar zenith 
and azimuth angles, and the satellite zenith and azimuth angles, 
and 0r,(l>r respectively), and the surface parameters P characterising 
the scattering of light at that surface. 

Li = the incoming solar radiance at the surface, which is computed from 
Eo Ti cf cos{6i), where Eq is the exoatmospheric solar irradiance, 7} 
is the incident beam atmospheric transmitance, cf is the correction 
coefficient for the variation in the Sun-Earth distance, and ^ is the 
solar zenith angle. 

Tref = the reflected beam atmospheric transmitance Trej(0r, Kre^, which is a 
function of the satellite zenith angle 6r, and the atmospheric at- 
tenuation coefficient Kref in the solar part of the MIR. 

The contribution of the emitted radiance in the MIR region is given by: 

5 (4) 

where: 

L{Ts) = the MIR integrated radiance computed for a surface temperature Ts 
folio wing Planck’s function. 

£ = the emissivity of the surface. 

Tern = the emitted beam transmitance TemiOr, Kem), which is a function of 
the satellite zenith angle, and the atmospheric attenuation coeffi¬ 
cient Kgm in the emitted part of the MIR. 

With the exception of the solar irradiance, these parameters vary strongly, de- 
pending on the time and date of acquisition (zenith and azimuth angles), the at¬ 
mospheric conditions (transmitance) and the land cover type (reflectance, emis¬ 
sivity, temperature). In addition, one should also take into account those indirect 
radiances that reach the sensor (for example, the radiation from the Sun scattered 
into the field of view of the sensor: Cracknell 1997). 

Consequently, there are a number of factors that should be taken into consid- 
eration for fire detection from space. It can be very difficult to model all the possi- 
bilities involved in the final amount of radiance that reaches the sensor. In addi¬ 
tion, most existing MIR sensors were not designed to detect fires. The next section 
summarises the issues that the detection of fires from space-borne sensors must 
take into account. 

6.3 

General issues related to remote sensing of active fires 

In the early 1960s, the U.S. Forest Service initiated a fire detection programme 
at the Northern Forest Fire Laboratory in Missoula, Montana, to develop a system 
capable of detecting fires in all normal atmospheric conditions, in order to im- 
prove suppression response. The result was an airborne thermal infrared line¬ 
scanning spectrometer with two spectral channels operating at 3-4 pm and 8.5-11 
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l^m. The system reported data on forest fires (some of them had not been detected 
using conventional methods) with temperatures up to 600 °C, over a background 
with temperatures ranging from 0 to 50 °C (Hirsch et al. 1971). The possibility of 
using the images to provide information to fire extinction brigades was also 
proven, since remote sensing images enable the exact location of the fire front. 

A number of case studies from different regions and using diverse image data 
sources have been reported since those first detection experiences using airbome 
sensors (Justice and Dowty 1993). However, while the potential of remote sensing 
images for fire detection and monitoring is significant, there are still important issues 
and some limitations that need to be taken into consideration. 


6.3.1 

Temporal issues 

The usefulness of operational near real-time fire detection from space is obvi- 
ously very much dependent on observation frequency. As indicated above, remote 
sensing images will be particularly useful if they can detect fires in their early 
stages. Obviously, those fires starting after image acquisition will not be detected 
until the next image, or missed if they are extinguished prior to the acquisition of 
the next one. A high frequency of observation is therefore essential if it is to make 
a real improvement in fire-fighting decision making. 

High spatial resolution satellites such as Landsat and SPOT can contribute to 
fire monitoring but their cost, their centralised receiving stations and especially 
their low time resolution limit their use in an operational basis. Meteorological 
satellites are more appropriate because of their high repetition coverage. The geo- 
stationary GOES satellite series offer images every 30 minutes but only covers the 
American continents and cannot be used for the Mediterranean regions. Future 
Meteosat satellites, covering Africa and Europe, should be useful (see section on 
future sensors). The polar orbiting NOAA series acquire images over the same 
area every 12 hours for the same satellite, and cover the entire world. There are 
early afternoon and early morning passes. However, satellites can drift over time 
and at the end of their life they may overfly during the late afternoon and late 
morning. 

Obviously, high time frequency is useful only if the data can be acquired, ana- 
lysed and disseminated in near real-time. Satellites such as NOAA and 
GOES/Meteosat broadcast their data continuously and only require small receiv¬ 
ing stations. A number of these stations are distributed all over the world. Local 
acquisition of data free of charge, analysis in situ, and fast dissemination of fire 
information is possible with these two satellites (Flasse et al. 1998). In mid-1993 
there were over 300 AVHRR receiving stations worldwide known to NOAA 
(Cracknell 1997). 


6.3.2 

Thermal sensitivity issues 

As explained above, the MIR window (3-5 pm) is particularly interesting for 
fire detection because it is near the spectral region for maximum radiative emis¬ 
sions by objects of fire temperature. Channel 3 (3.55-3.93 pm) of the AVHRR, 
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has been shown to be surprisingly well suited for fire detection because it is lo- 
cated near the peak of spectral emittance of objects at temperatures around 800 K, 
i.e. the average temperature of buming grass. However channel 3 was not de¬ 
signed for monitoring fire events but rather for atmospheric applications (i.e. 
cloud discrimination). In consequence, the MIR channel saturates at fairly low 
temperatures (« 47 °C). This saturation value can be reached not only because of 
fire but also through highly reflective or hot targets, and therefore a simple thresh- 
old in this channel does not provide a sufficently accurate discrimination of fires. 
Confusion with other surfaces is very conunon in Mediterranean areas, where 
forests are often mixed with agrarian spaces or bare soil. In summer these surfaces 
may reach temperatures over 50 °C (exceeding NOAA channel 3's saturation 
level). In other parts of the world (for example the rain forests), this phenomenon 
is not so important since fires are surrounded by dense vegetation that is relatively 
cool, partly due to high evapotranspiration. 

A solution to this problem is the use of night time images where temperature 
and reflection resulting from the Sun are not relevant (Malingreau 1990; Langaas 
1992). However, this option risks not detecting fires that are only active during the 
central hours of the day (Kennedy et al. 1994), or detecting them too late. Some 
other hot targets, such as certain Industries and gas flares linked to oil extraction 
or energy production may also saturate the MIR channel. 

Confusion with highly reflective surfaces such as clouds and cloud edges is 
also possible. Depending on cloud type (opacity, height, temperature and sun 
zenith angle), some clouds (stratocumulus, for instance) and cloud edges can be 
very reflective and saturate the MIR channel. False alarms related with saturation 
of the MIR channel can also be observed due to confusion with lakes, reservoirs, 
rivers and other water bodies when they present specular reflection (Belward 
1991). This phenomenon, known as sun glint, only occurs for within a certain 
geometry of illumination and observation. 

Section 6.4 presents state-of-the-art algorithms currently available, which have 
tried to take all these issues into account for the detection of fire pixel from 
AVHRR observations. 

6 . 3.3 

Spatial issues 

Since the objective of the near real-time remote sensing system for fire fighting 
is the detection of small fires (i.e. fires at their very early stages), it is important to 
realise that target fires would occupy only a small proportion of a pixel. Conse- 
quently, the radiance of a pixel will be composed of fire and background radi- 
ances. Little is known of the exact form of these contributions to the image pixel, 
particularly for AVHRR. Various studies (Dowty 1993, Langaas 1995, Wooster 
and Rothery 1997) underline the importance of other spatial issues in the final 
pixel radiance, such as (i) the heterogeneity of the background (resulting from a 
combination, for example, of burned and unbumed areas), and (ii) the number, 
distribution, form(s) and location of fire(s) within the pixel. Pixel size conditions 
the minimum surface that has to be burning to have a signal detectable from the 
satellite (Table 6.2). Belward et al. (1993) demonstrated that a bush fire with a 
burning front as small as 50 m could be detected by AVHRR. 
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Depending on the spatial resolution, one pixel detected as a hot spot may also 
represent different situations. There could be one or se veral active fires in the area 
covered by the pixel, or it could be only one part of a larger fire front. 

Sensors on board Landsat and SPOT provide a fine spatial resolution that 
would be very useful for the precise monitoring of fire growth; however, as indi- 
cated above their temporal frequency is not adequate for real-time information. 
While GOES-VAS provides timely observation, its spatial resolution is greater 
than 6 km for the thermal channels. This is certainly useful to follow the progress 
of huge tropical forest fires (Prins and Menzel 1994), but will limit the detection 
of such fires in their early stages. The NOAA-AVHRR series, although primarily 
designed for meteorological applications, appears to provide, amongst current 
sensors, the best trade-off between temporal and spatial resolution, as well as real¬ 
time acquisition. 


Table 6.2. Minimum size of a fire to be detected at night times (no reflective 
component) in the AVHRR-MIR channel considering different observation angles 
and therefore different pixel sizes 


A: Observation 
angle 

2.5 times amplified 
background radiance 
(W/m2 sr pm) 

B: Fixed fire 
proportion for 
detectabihty 

C: Pixei size (m^) 

at (A) observation 
angle 

Fire size 
(m2): 
(B*C) 

0 

0.565227182 

0.001116113 

5207.615 

5.812 

5 

0.552396662 

0.001116113 

5267.520 

5.879 

10 

0.539566142 

0.001116113 

5452.360 

6.085 

15 

0.526735622 

0.001116113 

5778.400 

6.449 

20 

0.513905101 

0.001116113 

6275.979 

7.(X)5 

25 

0.501074581 

0.001116113 

6995.387 

7.808 

30 

0.488244061 

0.001116113 

8017.649 

8.949 

35 

0.475413541 

0.001116113 

9474.261 

10.574 

40 

0.462583021 

0.001116113 

11584.492 

12.930 

45 

0.449752501 

0.001116113 

14729.361 

16.440 

50 

0.43692198 

0.001116113 

19608.141 

21.885 

55 

0.42409146 

0.001116113 

27597.199 

30.802 

60 

0.41126094 

0.001116113 

41660.924 

46.498 


Source: Chuvieco and Martin (1998). 


6.3.4 

Other problems related with satellite fire observation an detection 

Beside all these issues mentioned above, there are additional elements that can 
affect satellite observation and detection of fires. 

1. Cloud and smoke. The observation can be limited due to the existence of 
clouds and smoke. Even though the MIR is not as much affected by atmos- 
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pheric interference as other shorter wavelengths, thin clouds may prevent fire 
detection when fires are at cloud edge due to their size or temperature 
(Flannigan and Vonder Haar 1986; Hougham 1987; Setzer and Pereira 1991a). 
Thick clouds hide most fires, including high intensity ones. Additionally, 
clouds partially covering a pixel can affect fire-temperature estimation. This is 
one of the main limitations of the methods that attempt to assess temperatures 
and the area covered by the fire front. On the other hånd, automatic cloud re¬ 
moval, which is used to prevent saturation problems in MIR channels, may lose 
those fires that are visible despite the presence of clouds. 

As far as the presence of smoke is concerned, its influence on fire detection 
depends on smoke plume types (for example, depending on fire intensity, wind- 
fields, atmosphere stability, Chemical composition and humidity content). 
Aerosols in the smoke plume are very effective at reducing visibility (Franga et 
al. 1995). They can generate condensing nuclei that together with water vapour 
may produce dense mists and hide fires (Grigoryev and Lipatov 1976). 

2. Observation geometry. Observation geometry may be another source of 
error in detecting forest fires (Milne and Hall 1992). Little is known of the ani- 
sotropy of natural surfaces in the thermal Spectrum. Thermal channels do not 
seem to be strongly affected by directional effects. Problems arise, however, 
when fire-affected pixels are near the edge of the image where observation an- 
gles are over 40°. Fire total intensity may not be sufficient to saturate a pixel 
now covering a much larger area. Pixel overlap can also reach almost 100% at 
the very edge. Consequently, it may happen that an active fire that should only 
be detected by one pixel is detected simultaneously by several pixels at the im¬ 
age edge (Stezer and Pereira 1991b). 

3. Small underlayer fires. Dense forest may prevent detecting small under- 
layer or peat fires. 

Detection of fires depends on fire characteristics and environmental condi- 
tions but also on sensor noise and its degradation, background temperature and 
atmospheric contamination. Therefore, it is extremely difficult to find a detec¬ 
tion algorithm valid both in space and time and to apply a consistent methodol- 
ogy for automatic fire detection from space at regional or global scales. In try- 
ing to solve this problem, sophisticated detection algorithms have been devel- 
oped. Most of them will be reviewed in the next section. 

6.4 

Active fire detection with NOAA-AVHRR images 

The characteristics and issues presented have led several authors to develop al¬ 
gorithms for fire detection, most of them using NOAA-AVHRR images. Robinson 
(1991b), Kennedy (1992), and Justice and Dowty (1993) provide thorough discus- 
sions of fire detection algorithms and cite case studies of their application. This 
section completes these with summaries of recent developments. 

Fire detection is achieved by one of the four methods described below, all of 
which use the dominating effect of hot fires in Channel 3 signals: 

• Channel 3 single threshold algorithms. 

• Multi-channel threshold algorithms. 
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• Contextual algorithms. 

• Sub-pixel fire detection algorithms. 

6.4.1 

Channel 3 single threshold algorithms 

The Channel 3 single threshold approach relies on the assumption that only the 
Channel 3 data are required and that a single (empirically derived) threshold valne 
can be used to identify pixels with sub-resolution fires (Malingreau and Tucker 
1988, Setzer and Pereira 1991b, and Pereira and Setzer 1993). The simplest algo- 
rithm is to retain all pixels which are saturated (or near saturated) in Channel 3. 
Using this approach, Muirhead and Cracknell (1985) were probably the first to 
report fire detection in the European regions using NOAA-AVHRR data. A simi- 
lar approach has been applied in some geographical regions with intense biomass 
burning (the Amazon Basin in Brazil), where the saturation level of Channel 3 
has been considered appropriate and is being used for operational detection (Set¬ 
zer and Pereira 1991b). In other regions, Channel 3 values, just below saturation, 
have been considered more suitable (Kaufman et al. 1992, Matson and Holben 
1987). 

However, many authors have found that this simple threshold can lead to false 
detection due to variations in environmental conditions and AVHRR instrument 
response (Frederiksen et al. 1990, Grégoire et al. 1993, Setzer and Malingreau 
1993, Setzer and Verstraete 1994). They arrive at the conclusion that different 
thresholds need to be applied at night and during the day (i.e. at different overpass 
times), for different ecosystems, and for different seasons. Added to this, simple 
Channel 3 thresholding is susceptible to confusion with hot bare surfaces and 
bright clouds, as discussed earlier, and may not be suitable for regional scale fu*e 
studies over time. There is considerable work from West Africa covering this 
issue (Grégoire et al. 1993). This problem is not so acute in regions where sur¬ 
faces are relatively cooler and which exhibit less seasonal land surface variation 
(for example, equatorial forests of Congo and Amazon). 

A solution to this problem relies on establishing multiple thresholds combining 
information from Channel 3 and from other thermal channels. This approach is 
described in the next section. 

6.4.2 

Multi-channel threshold algorithms 

Multi-channel threshold algorithms have gained a great deal of support as they 
have been shown to be regionally robust and simple to implement. They are seen 
as an improvement on single channel threshold algorithms, because of the extra 
spectral data taken into account to reduce false detection, and of the easiness of 
implementation of a set of decision rules (Kennedy et al. 1994). 

These algorithms use combinations of two or more fixed thresholds for Chan¬ 
nel 3 and 4 (3.75 |xm and 10.8 \im, respectively) alone or in combination. They are 
usually based on calculated brightness temperatures T® and operate either on a 
pixel-by-pixel or a contextual (pixel-by-neighbourhood) basis. This latter ap- 
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proach (also called the spatial technique; Justice and Dowty 1993) is discussed in 
Section 4.3 below. 

In the pixel-by-pixel multi-channel thresholding approach a series of tests are 
employed, all of which must be fulfilled for a pixel to be classified as a fire. These 
multi-channel algorithms usually take the following form: 

1. r®(3)>^i 

2. r®(3) - r® (4) > ^2 

3. r®(4) > ks 

where 7^(3) represents the brightness temperature for Channel 3, (4) represents 

the brightness temperature for Channel 4, and k-^ is the brightness temperature 
threshold for test i=l,2,3. 

Similarly to the single threshold algorithm, the first test of the multi-threshold 
approach looks for high Channel 3 brightness temperature, i.e. pixel affected by 
fire. However, as explained above, this will also select other pixels such as hot 
soils. Therefore the second criterion seeks to discriminate between fire pixels and 
non-fire but warm surface pixels. This test is based on the contrast between the 
middle and thermal infrared response at different temperatures. As described 
above, an object at fire temperature will emit much more radiance in the MIR than 
at other wavelengths. Consequently, a pixel containing a fire (temperature over 
500 K) will show higher brightness temperature in Channel 3 than in Channel 4, 
compared to a pixel containing solely hot bare soil (temperature not higher than 
330 K). Consequently, the difference between T® (3) and i (4) will be higher for a 
pixel affected by a fire. Recent observations have indicated that in the few cases 
where a pixel is largely covered by an active fire, the wide wavelength range 
Channel 4 receives enough radiance to increase 7^(4) as far as saturation. This test 
r®(3) - 7® (4) > k 2 will miss such cases. The third criterion is a crude cloud check 
to reduce the possibility of false detection due to highly reflective clouds that may 
also saturate Channel 3. In addition to these thermal channels tests, other tests on 
reflectance channels are often used to diminish false detection due to highly re¬ 
flective pixels caused by clouds and sun glint. 

As in the case of simple Channel 3 thresholding, all the published multi- 
channel thresholds have been developed for specific regions and are based on 
empirical approaches. A wide range of multi-channel threshold criteria exist 
(Kaufman et al. 1989, and 1990a,b; Langaas 1989, 1992 and 1993; Belward et al. 
1994; Kennedy et al. 1994 and Franga et al. 1995). 

The approach of Kaufman et al. (1990a,b) uses AVHRR channels 3 and 4 and 
was developed for forest environments in Brazil. Fire detection is triggered by 
satisfying three criteria: 

7^(3) > 316 K; 

7®(3) - 7®(4) > 10 K; 

7®(4) > 250 K. 

To adapt the proposed thresholds to other specific areas, such as savannah in 
West Africa, some modifications to the Kaufman methodology have been sug- 
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gested (Kennedy et al. 1994). Land surfaces in savannah regions are generally 
much warmer than in the Brazilian forests. Consequently, a temperature difference 
of 10 K between Channel 3 and Channel 4 is too small to eliminate the warm, 
non-fire surfaces. Modifications also seek to avoid high temperature Channel 3 
pixels caused by highly reflective clouds that could also be selected by the Kauf- 
man test because of high radiant temperatures in Channel 3 and low in Channel 4. 
Moreover, Kennedy et al. (1994) found that many large areas in the northern parts 
of the Sudanian and Sahelian zones were included as spurious fires early in the 
year. They concluded that this confusion could be caused by highly reflective bare 
soils that can cause Channel 3 to saturate and include an extra test based on ‘top- 
of-atmosphere’ reflectance data from Channel 2, where fire and recently burned 
areas will tend to have low reflectance. The revised approach took the following 
form: 

> 320 K; 
r8(4) > 295 K; 
r8(3) - 7*(4) > 15 K; 
p2< 16%, 

where p 2 is the Channel 2 top-of-atmosphere reflectance. This method has been 
proposed as one of the most appropriate automated approaches to detect fires 
throughout the ecosystems of West Africa, although it is clear that the effect of 
highly reflective Sahelian surfaces is extraordinarily variable year to year and 
difficult to account for consistently (Kennedy et al. 1994). 

Franga et al. (1995) have extended the multi-threshold algorithm to include two 
more tests. The first one [0 < r®(4) - T^{5) < 5 K] allows a separation of different 
surfaces, especially pixels partially covered by clouds. The second test (equivalent 
albedo in Channel 1 < 9%) is applied to exclude pixels where atmosphere with dry 
haze or aerosol concentrations may cause discrimination problems. 

Koffi et al. (1995) applied the same methodology developed by Kennedy but 
adapted the thresholds according to ecological regions and time period. Threshold 
values have been selected using statistical analyses of visually observed fire pixels 
(associated with smoke plumes in Channel 1). 

The European Space Agency (ESA)/ESRIN uses a multi-threshold algorithm to 
generate Continental fire products. It has been documented by Arino et al. (1993) 
and uses the following tests: 

r»(3) > 320 K; 
r^(4) > 245 K; 

7iB(3) . 7iB(4) > 15 K; 

pi < 25% (prevent false detection due to highly reflective surfaces) 

I Pi .p 2 1 > 0.01 (prevent false detection due to Sun glint), 

where pi and p 2 and Channel 1 and 2 top-of-atmosphere reflectance respectively. 

If at least one of these conditions is not satisfied, the pixel is classified as non- 
fire. In practice a sixth step based on visual inspection is employed to eliminate 
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pixels in which obvious false detection occurs but which have passed previous 
tests. 

The main disadvantage of pixel-by-pixel absolute thresholding approaches is 
that they are insensitive to variations in normal land surface temperature condi- 
tions over the season for a given area, and require a lot of spatial and temporal 
adjustments. 


6 . 4.3 

Contextual algorithms 

The multi-channel threshold algorithms will work very well as long as thresh- 
olds are appropriate for a particular ecosystem, at a specific time. This is actually 
the main constraint of absolute threshold algorithms when automated detection is 
concerned. This has led recent developments in fire detection algorithms to focus 
on ways of adapting thresholds automatically, hence leading to contextual algo¬ 
rithms (also called spatial analysis techniques). The contextual approach is based 
on the same idea of a hierarchy of test as described above, but automatically 
updating thresholds for each pixel using the neighbouring pixels to the target pixel 
as an indicator of local environment radiometric characteristics, hence taking into 
account spatial and temporal evolution of the local background signal. 

In 1986, Flannigan and Vonder Haar already included the contextual approach 
in their technique, but for only two tests (on Channels 3 and 4). Remaining tests 
(differences between Channels 3 and 4) still operating with absolute thresholds. 
Lee and Tag (1990) also included a contextual approach, where neighbouring 
pixels information is used to ‘correct’ the fire target pixel which is then compared 
to sub-pixel resolution hot spot temperature (this approach was only developed for 
night time images). In 1991, Smith and Vaughan adopted a contextual approach 
based on three tests of Channel 3, two of them using contextual information. A 
5x5 pixel window centred on a candidate fire pixel is used to compute mean and 
standard deviation of Channel 3 surrounding pixel values. The standard deviation 
is used to identify noise, and the mean value is compared with the candidate pixel 
value and if the difference is larger than a certain threshold, the candidate pixel is 
identified as fire pixel. 

More sophisticated contextual algorithms have been developed lately, using 
most of the information available from AVHRR spectral channels plus statistical 
information to create, automatically, individual pixel thresholds. The se algorithms 
are based on a two-step approach: 

• Potential fire pixel selection: to select candidate pixels that could poten¬ 
tially be fires, using simple absolute thresholds (this step is not essential, 
but it considerably reduces the calculation); 

• Fire confirmation: confirm that a potential fire pixel contains an active fire, 
by comparing its brightness temperature with its surrounding ones 
(background/context). 

In 1993, Justice and Dowty reported the adaptation of a contextual algorithm 
used for fire detection with GOES images (Prins and Menzel, 1994). Flasse and 
Ceccato (1996) extended the approach, in order to take into account the large 
variety of fires in different ecosystems and allow automated detection of fires for 
global application. These algorithms are presented in Table 6.3. 
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The multi-threshold algorithm of Koffi (1995), presented in Section 6.4.2, and 
the contextual algorithm of Flasse and Ceccato were applied to the wide range of 
ecosy stems of Central Aftican Republic where they pro vided very similar results. 
However, while the former required a labour-intensive definition of fire detection 
thresholds for each ecosystem and month, the latter detected fires automatically 
and substantially faster (Eva and Flasse 1996). 


Table 6.3. Summary of criteria used in fire detection from NOAA-AVHRR data 


_ Justice and Dowty (1993) 

StepA: TB(3)>316K 

Potential fire T®(4) > 290 K 

pixel selec- T®(3) > T®(4) 

tion 


Step B: 
Confirmation 


Flasse and Ceccato (1996) _ 

TB(3)>311 K 
TB(3) . xB(4) > 8 K 
p2 < 20% 

No T®(4) test is applied since a 
cloud mask is applied before the 
algorithm is mn 


Fire- 

background 

pixels 


Context- 

Window 


Statistics 

computation 

Decision 


Fire-background pixels are all 
pixels within the context win- 
dow except those selected as 
potential fire (PF) pixels. 

A window varying from 3x3 to 
21x21 pixels around the po¬ 
tential fire to operate until 
there are 3 or more fire- 
background pixels, occupying 
at least 25% of the window. 
Statistics are only computed 
for fire-background pixels. 

A PF is confirmed as fire if 
T®(3-4)pp> 

max{[T® (3-4)+2a]BM; 3} 
Where PF stands for potential 
fire, BM for background mean, 
and o for mean standard de¬ 
viation. 

If conditions for a context- 
window were not met with the 
maximum size window, a PF is 
NOT considered as fire. 


Fire-background pixels are all 
pixels within the context- 
window except those selected as 
PF pixels or masked as cloud, 
water body or desert. 

A window varying from 3x3 to 
15x15 pixels around the poten¬ 
tial fire to operate until there are 
3 or more fire-background pix¬ 
els, occupying at least 25% of 
the window 

Statistics are only computed for 
fire-background pixels. 

A PF is confirmed as fire when 
both following tests are satis- 
fied: 

TB(3-4)pF>[TB(3-4) + 2a]BM 
TB(3)-[TB(3) + 2o]bm>3K 
If conditions for a context- 
window were not met with the 
maximum size window, a PF is 
NOT considered as fire. 


Giglio et al. (1998) recently provided a good performance comparison of the 
algorithms of Justice and Dowty, Flasse and Ceccato, and Arino et al. (1993), 
clearly indicating the power of the contextual approach. The IGBP-DIS Global 
Fire Products based its fire detection algorithm on the above contextual ap- 
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proaches to produce world maps of fires (see Internet address: http:// 
www.mtv.sai.jrc.it/projects/fire/gfp) . 

In the past few years, the Flasse and Ceccato algorithm has been extensively 
used in the framework of development projects in many different areas of the 
tropics (Flasse et al. 1997, 1998) allowing the application and testing of the ap¬ 
proach into many different regions and seasons. These recent experiences have led 
the authors to improve the algorithm in order to take into account a larger number 
of possible cases. Recent improvements are summarised here: 

1. The performance of the algorithm gets better when the minimum context- 
window is set to 5x5, to start with a better sampling of the background 
(another way would be to increase the minimum number of background 
pixels for statistics computation). 

2. A background distribution criterion has been included to prevent false 
detection due to edges (for example, hot soils at the edge of a desert will 
be detected as PF, and falsely confirmed as fire because of the relatively 
cool edge of the desert. Similar false detection is found at the edge of 
water bodies and clouds, when these water or cloud pixels have not been 
picked up by masking processes). The background distribution test con- 
sists of dividing the context window into four regions, and in rejecting 
statistics computation if there is not at least one fire-background pixel in 
each of at least three regions. 

3. A new test has been included to allow the detection of very hot and/or 
very large fire fronts which provide enough radiation to substantially in¬ 
crease r®(4). Such fires are quite common in Southern Africa savannah, 
and are usually missed when the traditional 7^(3) - r^(4) test is used. 
However, the latter was kept as a part of the PF selection because sub¬ 
stantially reducing the number of PF (such as those warm soils detected 
as PF), and a new test was introduced: a pixel will also be selected as PF 
when 7^(4 )pf>I^(4)bm- Research is currently under way to find a generic 
way to take all fire sizes and intensities into account. 

4. Finally, while the algorithm already provides very reliable results when 
applied globally, it has been noted that its performance improves when 
the absolute thresholds for potential fire selection are tuned to a particular 
country or region. This can diminish the risk for false detection and in¬ 
crease the processing speed. For example, in sahelian regions, it is rare 
that brightness temperatures for Channel 3 are lower than 315 K. In some 
regions such as in Spain, recent research has shown that some fires can 
have brightness temperatures for channel 3 lower than 311 K. It is neces- 
sary in that case to lower the threshold value in Channel 3 used for identi- 
fying potential fire pixels. 

Harris (1996) suggested that one should consider as fire pixels those pixels pre- 
senting a local variation that is higher than ‘natural variation’ within the image. In 
other words, the technique tests the local difference between the target pixel and 
its neighbouring pixels against the maximum difference that can be found, in an 
area without any fires, between pixels and their surroundings (the natural varia¬ 
tion). Since every single pixel of an image is tested, i.e. there is no pre-filter to 
detect potential fires, fires in the immediate neighbourhood of target pixel may 
eiffect the statistics so that the target pixel is not detected as fire. Therefore the 
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technique excludes from the computation any new pixel detected as fire, and iter- 
ates until no new fire pixels are detected. 

In Mediterranean Europe, Lasaponara et al. (1998) suggest an improved fire 
detection algorithm using AVHRR images acquired over Italy. They suggest add- 
ing a temporal context to the spatial contextual approach. It consists in comparing 
‘today’s’ pixel with the mean of the last 10 days for a spatial box ranging from 
3x3 to 7x7 pixels. This appears to be also very promising for fully automated 
detection. 

One of the work packages within the MEGAFiReS project dealt with forest fire 
detection using AVHRR data in Mediterranean Europe. The main task of this 
package was to develop an algorithm able to search automatically for fire-åffected 
pixels in order to test the efficiency of low spatial resolution satellite sensors such 
as NOAA-AVHRR for improving fire detection and fire fighting operations in 
Mediterranean forest. Based on the literature, different multi-threshold and con¬ 
textual algorithms were tested but no definitive conclusions could be reached due 
to the lack of validation data (Infocarto, 1998). 

However, quite clearly these recent developments of contextual approaches 
have opened new doors which will facilitate the near future use of operational and 
automated algorithms with increased reliability. 

6.4.4 

Sub-pixel fire detection algorithm 

As was mentioned in the introduction to this chapter, effective fire detection 
from satellite data in Mediterranean areas requires location of a fire in its early 
stages: this generally means smaller pixel size. Therefore it would be useful to 
gather information on fire size at a sub-pixel level. 

Sub-pixel fire detection consists of decomposing the energy received by the 
sensor into fire and background energy. However, as reviewed in previous sec- 
tions, the application of this approach is currently limited with the low sensitivity 
of current sensors. Indeed, fires can be evaluated with this approach only if their 
contribution to the containing pixel’s radiant flux is sufficient to permit detection 
but insufficient to cause saturation. Guidance on the suitability of these algorithms 
is given by Robinson (1991a,b) and by Kennedy (1992). We briefly describe here 
one of the most widely used sub-pixel algorithms developed by Matson and Doz- 
ier (1981). This is a bispectral deterministic invertible model, which utilises the 
non-linear nature of the Planck function to link the brightness temperature of an 
object to the emitted energy that it radiates. It has been shown that it is possible to 
calculate sub-resolution brightness temperatures and the fractions of pixels occu- 
pied by fires, by solving two simultaneous equations (Dozier 1981) of the form: 

L, (T,) = pL, ) + (1 - p)L, (T,), i = 3,4 , (5) 

where L,<7}) is Channel-i radiance as a function of the pixel temperature Ti, UiTf) and 
Li{T^ are the portions of Channel-f radiance as a function of the fire temperature Tf 
and background temperature T^ respectively, and p is percentage of the pixel area 
covered by the active fire. 
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The technique allows the calculation of two sub-pixel areas (fire zone and 
background) within an unsaturated pixel. By comparing a specified fire threshold 
temperature with the calculated fire temperature, it is possible to identify a fire in 
the pixel. Background temperature should be specified previously and this can be 
done in two ways: 

• Using a look-up table of background temperatures related to the zone of 
interest. 

• Calculating background temperatures using the responses of surrounding 
pixels in Channels 3, 4 and 5. 

A different fire target temperature is used, and defined with local experience of 
fire behaviour. 

The flux to the sensor varies with the respective sizes and temperatures of fire 
and background. For a given background temperature, an envelope of resolvable 
fire events can be plotted as a function of size and temperature. 

The Dozier model is constrained, however, by some of its unrealistic assump- 
tions (Langaas and Muirhead 1989). These are: 

• any scene (pixel) has only two uniform classes (high temperature fire and 
low temperature background), 

• all fires within a pixel (1 km^) are grouped together, 

• both fire and background have black body emissivity properties, 

• the background has spatially homogenous thermal properties. 

The model has been restricted to a number of short duration case studies (Mat¬ 
son and Dozier 1981, Flannigan and Vonder Haar 1986 and Illera et al. 1995) 
largely because of the difficulties in automating a system to derive local back¬ 
ground temperatures from sampled neighbouring pixels. Lee and Tag (1990) at- 
tempted to develop a means of parameterising background temperatures to remove 
this difficulty and enable fire studies regionally and over longer periods. 


6 . 4.5 

Additionai issues 

Even though the algorithms discussed in this chapter have been developed tak- 
ing care to include as many detection situations as possible, they are not perfect. In 
some cases, false detection still happens. As explained above, AVHRR-Channel 3 
produces fire-like response when bright clouds, hot soils, and glint over water 
bodies are present in the image. As well as the reviewed algorithms, other sources 
of available information should be used to secure reliable fire products. It is im- 
portant for example to mask out all areas that cannot take fire, such as: 

Water bodies. Good results were obtained with a simple technique consisting in 
building a water mask by keeping all NDVI pixel < -0.12 over a representative 
period of time (Flasse and Ceccato 1996). There is also global land cover infor¬ 
mation available such as the World Data Bank II (WDB II, 1991,U.S. Department 
of Commerce), or the World Vector Shoreline (WVS) that can be used to build 
water mask. 

Deserts. Tucker et al. (1994) use AVHRR data to assess desert area. The Olson 
World Ecosystem Classes can also be used, and is contained within the Global 
Ecosystems Database published by NOAA. 
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Clouds. While care can be taken to avoid a cloud being mistaken as a fire (see 
thresholds algorithms above), it is still quite interesting to assess the area covered 
by clouds, i.e. where fire is not identified from the images but can be by alterna¬ 
tive methods based on aerial or ground observation. There are a variety of cloud 
detection approaches. Experience led to suggesting a simple approach for the 
Global Vegetation Fire Product (Stuttard et al. 1995), which has been shown to be 
quite efficient in most areas of the world (given some local adjustments). Using 
diis algorithm a pixel is labelled as being a cloud when it satisfies all tests in- 
cluded in Table 6.4. 

Table 6.4. Some criterion for cloud-masking ___ 

PAY time _ NIGHT time 

pi + p2 > 120% 

TB(5) <265K TB(5) <285 K 

Pi + P2 > 85% AND TB(5) < 285 K 
pi > P 2 ANDP 1 + p2> 50% 

Where pj is top-of-atmosphere reflectance for Channel 1 and 2, and T®(5) is the 
brightness temperature for Channel 5. 

Glint. As indicated above, Sun glint is the result of the specular reflection of 
light on water bodies and often saturates Channel 3. It is characterised by specific 
geometry of illumination and observation, and simple tests on satellite and Sun 
angles should suffice. Arino et al. (1993) also suggested a glint test based on 
Channel 1 and 2 reflectance (see above). 

6.5 

Fire growth monitoring using AVHRR images 

Temporal resolution of AVHRR data may also be used to follow the spatial 
evolution of large fires, providing significant information for fire behaviour mod- 
elling. 

Fire managers require spatial information on fire evolution in order to plan fire 
fighting activities better. In recent years, a large number of projects have dealt 
with the prediction of spatial fire behaviour, by coupling fire modelling programs 
and Geographic Information Systems (Campbell 1995; Holder and Wyngaarden 
1990; Pereira and Vasconcelos 1990; Vasconcelos and Guertin 1992). One of the 
main difficulties of this type of research project is a lack of validation of field 
information on the spatial progression of the fire, either because of poor visibility 
from the field, or concentration of aerial resources on fire suppression while the 
fire is active. 

Within this context AVHRR images can provide valuable information because 
of the possibility of monitoring fire growth at least every 6 hours (when using two 
NOAA satellites, morning and afternoon). Coarse spatial resolution of AVHRR 
data restrict this potential to large fires, whose size and duration are enough to be 
followed in time series of AVHRR image data. 

This potential has been explored in several studies in the Mediterranean (Chu- 
vieco and Martin 1994; Pozo et al. 1997). The methods proposed by these authors 
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Fig. 6.2. Spatial evolution of the Bunol fire from NOAA-AVHRR data (1991). From left 
to right and from top to bottom; 28 July, 29 July, 30 July, 31 July, 1 August, 3 August 
(night), 3 August (day), 4 August (night) and 4 August (day). All the images but the 6th 
and 8th were acquired from the aftemoon pass of the satellite (around 2.30 p.m). The other 
two were acquired at the night overpass (around 2.30 a.m). 


are based on detecting the active fire in each of the multi-temporal images cover- 
ing a single event (Fig. 6.2). Each daily image is converted into a binary mask 
(fire/not fire). Afterwards, the images are co-registered and superimposed. The 
pixels detected as fire are labelled according to the date and time of image acqui- 
sition. The overlay of the daily series makes it possible to obtain a single file, in 
which the spatial evolution of the fire can be portrayed (Plate 6.1). This map syn- 
thesises the spatial evolution of the fire for the day s when images were available. 
In spite of the coarse spatial resolution of the AVHRR data, the map matched the 
information collected in the field quite well. Future improvements could include 
the use of sub-pixel detection techniques to improve the spatial resolution of the 
results. 

6.6 

Future systems 

There are currently several new satellites and sensors under design and con- 
struction that will provide in the next few years further capabilities for the moni¬ 
toring of fire and related issues. Some of these instruments will include modifica- 
tions and improvements to existing systems, whilst others will offer completely 
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new sensing capabilities, complementing each other. We will review here the most 
promising ones for fire detection. 

The next generation of geo-synchronous satellites will offer improvements in 
the ability to sense biomass buming activities and to track associated emissions. 
The first of the METEOSAT Second Generation (MSG) satellites will improve 
capabilities for real-time fire monitoring over Europe and Africa. The new imag- 
ing sensor on board this platform, the Spinning Enhanced Visible and Infra Red 
Imager (SEVIRI), consists of a set of 12 spectral channels, including channels 
identical to AVHRR’s, providing fiill disk coverage of Europe, Africa and the 
Atlantic Ocean every 15 minutes. Of particular interest will be the spectral chan¬ 
nels centred at 1.6 and 3.8 |im. These channels will be available at the resolution 
of 3 km at sub-satellite point. The sensor will also include a broadband High 
Resolution Visible channel with a spatial resolution of 1 km. The first satellite 
MSG-1, is slated for launch in late 2000, and will then start to be operationally 
available from early 2001. (See the Internet address of Eumetsat: 
http.7/www.eumetsat.de for more information). 

The Moderate Resolution Imaging Spectro-radiometer (MODIS) on board the 
NASA’s Earth Observing System (EOS) has been designed to include specific 
characteristics for fire detection. It will fly in a polar orbit and will provide global 
coverage between 1 and 2 days. This new instrument will have 36 spectral chan¬ 
nels between 0.4 and 14.3 p.m with spatial resolutions from 250-1000 metres. Of 
particular interest to fire monitoring are (i) for day time monitoring, two high gain 
channels located at 3.9 and 11 |Lim with saturation levels at 500 K and 400 K re- 
spectively (1 km resolution), (ii) for night time the 0.86 pm (250 m resolution), 
1.65 and 2.15 pm (500 m resolution) channels. MODIS will provide fire products 
including information on the accurate location of a fire, its emitted energy, the 
flaming and smouldering ratio and an estimation of area burned. EOSDIS will 
distribute daily these 1 km full resolution fire products, as well as spatially and 
temporally summarised information for scientists requiring data on fire distribu¬ 
tion, timing and characteristics for inclusion in modelling studies. Besides this, the 
MODIS will offer improved bands for cloud detection and atmospheric correction. 
The EOS-AM platform is planned for launching in mid-1999, and will be fol- 
lowed by the PM platform allowing four observations daily (See the Internet ad¬ 
dress of NASA: http://modarch.gsfc.nasa. gov/ for more information). 

In the continuation of ATSR, which demonstrated capabilities in fire monitor¬ 
ing (Perrin and Millington, 1997), the Advanced Along Track Scanning Radi¬ 
ometer (AATSR) will be carried on the European Space Agency (ESA) platform 
ENVISAT-1, to be launched in 1999. AATSR will provide two channels useful to 
fire monitoring located at 1.6 and 3.75 pm. It will continue to offer daily global 
coverage at 1x1 km resolution at nadir (500 km swath). See the Internet address of 
ESA (http://envisat.estec.esa.nl/instruments/aatsr/ for more information). 

In recent years, the number of specifically dedicated remote sensing pro¬ 
grammes has increased. In the field of fire detection one of the most promising is 
the so-called FUEGO programme, founded by the European Commission. It has 
been defined with the specific objective of defining and developing a constellation 
of 9 to 12 satellites to provide operationally: 

• Early forest fire detection compatible with fire fighting requirements with 
direct signalling to the forces. 
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• Forest fire high resolution monitoring providing a synoptic fire line direct 
to the fire chief 

• Additional value information like short-term risk prediction, hot spot iden- 
tification and burned surface assessment. 

The system will cover all the fire prone areas world-wide and it is being tai- 
lored to cover especially Mediterranean Europe, the USA, Australia and South 
America. The FUEGO system will provide high accuracy fire locating character- 
istics and wide coverage fire monitoring capability. A low Earth orbit (LEO) con- 
stellation will enable the onboard infrared instruments to scan the fire risk areas 
for outbreaks of wildfires. The orbit has an inclination of 47.5° in order to opti- 
mise the revisit time for European latitudes, which are similar to other fire prone 
areas in the world (California, Southeast Australia, Chile, Argentina, etc). This 
requires a width of around 2500 km, centred at the sub-satellite point and perpen- 
dicular to the velocity direction. FUEGO satellites will carry on board infrared 
detectors in both the 3-5 range and 8-10 p,m range. Auxiliary channels in the visi¬ 
ble and near infrared parts of the Spectrum will also be included to improve false 
alarm filtering and generate complementary information. The satellites and the 
subscription terminals should be available around 2002-2003. (See de Internet 
address of the Fuego program http://ctv.es/insa/fuego/home.htm for more infor¬ 
mation). 

Within the same context of sensors designed specifically for fire research, the 
Deutsches Zentrum fur Luft- und Raumfahrt (DLR) is preparing a small satellite 
mission, which will launch a Bi-spectral IR Detection instrument (BIRD). The 
satellite instrument will comprise two infrared sensors at Åi = 3.7 pm and >^2 = 8.8 
pm and a VIS/NIR wide-angle stereo scanner. The mission objective of BIRD is 
to be a precursor for European space-borne high-temperature-event-recognition 
systems such as FOCUS, FUEGO and Forest Fire Earth Watch. The launch of 
BIRD is planned for 1999. 

FOCUS is an Intelligent Infrared Sensor System, also proposed to the European 
Space Agency (ESA) by DLR, as a prototype experiment for a high-temperature 
disaster recognition satellite system. Still at an early stage, the FOCUS mission is 
foreseen as experimental research that will pave the way for future operational fire 
detection missions. 

6.7 

Conciusions 

This chapter explained how middle infrared data can be successfully used to 
detect fires from space. Of existing systems offering information in that part of the 
Spectrum, the NOAA-AVHRR sensors have been shown to provide the most ap- 
propriate information for fire fighting decision making in the Mediterranean areas. 
They present the best trade-off between spatial and temporal resolution, while 
allowing direct reception and near-real time dissemination of fire locations. How- 
ever, specialised algorithms are required to select active fires from the data be- 
cause AVHRR was designed for meteorological purposes. We have reviewed such 
algorithms, of which those based on the contextual approach are the present state- 
of-the-art. 
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Further development in such algorithms may benefit from improved knowledge 
of: 

• The effect of temperature in-homogeneity within the fire on the pixel 
measurement. 

• The effect of fire size, temperature and backgrounds on the pixel meas¬ 
urement. 

• Exhaustive ground data for validation purposes. 

While AVHRR data will improve operational availability of near real-time fire 
location information to fire fighters in the field in Mediterranean areas, substantial 
benefit will probably only come with the arrival of the next generation of sensors. 
Specially designed for fire issues, they will offer increased spectral information, 
offer higher saturation levels for the MIR channels and improve temporal and 
spatial resolutions. 
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Abstract. Spectral properties of recent burns are characterised, in the visible, near 
infrared, mid-infrared, thermal infrared, and microwave spectral domains. Fire- 
induced reflectance changes are also compared for various ecosystems and bi¬ 
omes, and discussed in terms of the ecological effects of phytomass combustion. 
The spectral signatures of combustion products and of burnt areas are compared 
with those of various plant material and land cover types, in order to graphically 
represent relevant aspects of burnt area spectral discrimination. A series of colour 
composite images, based on Landsat Thematic Mapper data is used to illustrate 
the appearance of burnt surfaces in various tri-spectral spaces, and in contrast with 
healthy forests, agricultural fields, and urban areas. The temporal evolution of the 
spectral properties of burns is also demonstrated, with a five-year time series of 
Thematic Mapper images of two conifer forest burns in central Portugal. Finally, a 
series of conclusions is proposed, concerning the distinctive spectral properties of 
burnt surfaces, and implications for discrimination and mapping of such areas. 

7-1 

Introduction 

Vegetation fires are common in tropical, temperate, and boreal biomes. In the 
tropics fire is often used as a land management tool, employed in shifting agricul- 
ture, hunting practices, to prevent the invasion of grasslands by shrubs, and in the 
conversion of primary forest to other uses. In temperate regions fu*e is also exten- 
sively used for slash burning, but is most often considered a hazard when it burns 
in ecosystems that are prized for their economic and ecological value. In both 
tropical and temperate biomes, a great majority of fires, whether desired or not, 
occur as a result of human activities, but in boreal regions natural causes (i.e. 
lightning) still account for a significant proportion of the total area burnt, and fire 
is a very important ecological factor influencing plant community dynamics. 

These various kinds of fire activity generate a range of economic, ecological, 
atmospheric and climatic impacts, with magnitudes that are strongly dependent on 
the areal extent of the bur ns. Detailed and current information concerning the 
location and extent of the burnt areas is important for assessing economic losses 
and ecological effects, monitoring land use and land cover changes, and modelling 
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atmospheric and climatic impacts of biomass burning. Given the very broad spa- 
tial extent and often limited accessibility of the areas affected by fire, satellite 
remote sensing is an essential technology for gathering the required information in 
a timely and methodologically consistent manner. 

However, the spectral properties of burnt surfaces are prone to confusion with 
various land cover types, affecting the accuracy of burnt area estimates derived 
from remotely sensed data. The development of methodologies capable of pro- 
ducing more accurate burnt area estimates from remotely sensed data is, therefore, 
an active topic of research at geographic scales ranging from local to global (Jus- 
tice et al., 1993). 

7.2 

Spectral properties of burnt areas 

Spectral characterisation of the post-fire signals was considered by Chuvieco 
and Congalton (1988) as the starting point for research on remote sensing of burnt 
areas. An essential aspect of the problem is the recognition that there are two quite 
different post-fire signals (Robinson 1991): the formation and deposition of char- 
coal, or surface charring, and the alteration of vegetation structure and abundance, 
commonly designated by fire scar. The first type of signal is a quite unique conse- 
quence of vegetation combustion, but has relatively short duration and tends to be 
strongly attenuated by wind and rainfall within a few weeks or months after the 
fire. The second signal is more stable (although its persistence may vary from 2-3 
weeks in tropical grasslands, to several years in boreal forest ecosystems), but is 
less significant to discriminate fire effects, since partial or complete removal of 
plant canopies may also be due to other factors such as cutting, grazing, wind 
throw, water stress, or the action of insects and pathogens. 

This fundamental distinction seldom is explicitly recognised, leading to appar- 
ent inconsistencies in the literature concerning the spectral properties of burnt 
areas. Most authors, however, indicate the length of time between fire occurrence 
and spectral data acquisition, from which the type of signal (char or scar) may be 
inferred approximately, by taking into account biome-specific differences in post- 
fire spectral dynamics. 

It is also important to make a clear distinction between ash and char or, using 
the terminology of Chandler et al. (1983), “white ash” and “black ash”. Ash is a 
light coloured, predominantly mineral residue, produced by complete combustion 
of plant materials in the presence of unrestricted oxygen supply, and as a result of 
high fire intensity (Cope and Chaloner 1985; Riggan et al. 1994). Charred fuels 
are essentially composed of graphitic carbon, indicate inefficient combustion of 
biomass under more restricted oxygen supply conditions (Cope and Chaloner 
1985), and are the typical product of less severe wildfire behaviour (Chandler et 
al. 1983; Ambrosia and Brass 1988). Unfortunately, both of these solid products 
of biomass burning are often designated by “ash”, thus confusing interpretation of 
the spectral properties of burnt surfaces. In the following sections we review the 
main spectral characteristics of burns, from the visible to the microwave range, 
using data from our own work, and also from a non-exhaustive but illustrative 
literature review. 
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7.2.1 

Visible (0.4 - 0.7 pm) 

This spectral domain is one of the better known and more extensively used for 
the purpose of burnt area mapping. Results available in the literature concern both 
field radiometry work, and analyses of satellite imagery from various sensors, 
with emphasis on the Landsat Thematic Mapper (TM), and the National Oceanic 
and Atmospheric Administration’s Advanced Very High Resolution Radiometer 
(NOAA/AVHRR). A wide range of biomes and ecosystems is also covered, in- 
cluding boreal forests, temperate forests and shrublands, and tropical forests, 
woodlands and savannas. Table 7.1 presents a summary of literature results on the 
spectral properties of burnt surfaces in the visible range. 

Recently burnt surfaces tend to be relatively dark in the visible range, and their 
reflectance exceeds 0.1 in only three of the studies analysed. The very high re- 
flectance values reported for one to three year old fire scars by Siljestrom and 
Moreno (1995) is possibly due to the contribution of a bright sandy soil back- 
ground, especially for the older burns. An interesting faet is the typical fire- 
induced inerease in visible reflectance reported by most studies. This is possibly 
due to the faet that green vegetation in forest and shrublands is considerably dark 
in this spectral domain. If even moderately bright soil is exposed due to the fire, 
the overall surface reflectance will inerease. Exceptions are the field radiometry 
Works of Frederiksen et al. (1990) and Langaas and Kane (1991). These authors 
measured the reflectance of very recent fire scars in tropical savannas during the 
dry season, and the observed darkening of the surface, in these cases, is relative to 
dry grass, which has mueh higher visible reflectance than green forests and 
shrublands. Jakubauskas et al. (1990) also observed lower post-fire reflectance in 
a mixed conifer-hardwood forest, but only in the most se verely burnt areas. Sev- 
eral authors indicate that the visible spectral range is not very effeetive for dis- 
criminating burns (Tanaka et al. 1983; Ponzoni et al. 1986; Lopez and Caselles 
1991; Pereira and Setzer 1993; Koutsias and Karteris 1996; Silva 1996; Pereira 
1999). A few reasons for this are suggested by Pereira (1999), namely: (1) Like 
recent burns, several common land cover types, namely water bodies, wetlands, 
dense conifer forests, and many soil types are quite dark in the visible. These 
similarities reduce the possibility of using the visible range to discriminate burns; 
(2) The dynamic range available with Earth observation satellites for discriminat- 
ing between these different types of surfaces, all of which are dark in the visible, 
is narrow; (3) path radiance, an important component of the atmospheric effeet, 
predominates in the visible range especially over dark surfaces, and causes a loss 
of contrast between different land cover types. 


Table 7.1. Spectral properties of burnt surfaces in the visible range 


Reference 

Vegetation 

type 

Data type 

Spectral 

region 

(p) 

Spectral 

change 

Comments 

Fuller and 

Boreal 

Surface p 

0.4 pm 

0.025 

Slight 

Field radi¬ 

Rouse 

1979 

forest 


0.7 pm 

0.05 

inerease 

ometry. 0 to 1 
year old bums 

Tanaka et 

Pine 

Surface p 

0.4 pm- 

0.09 

0.05-0.08 

Field radi¬ 

al. 1983 

branches 


0.7 pm 

0.14 

inerease 

ometry 
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Ponzoni et 

Brazilian 

DN 

TM3 

- 

6-8 DN 

- 

al. 1986 

cerrado 




increase 


Chuvieco 

Pine forests 

Radiance 

TMl- 

- 

Increase 

Fire scars a 

and Con- 

and shrub- 


TM3 



few days old 

galton 

land 






1988 







Frederik- 

W. African 

Surface p 

red 

0.054 

0.05- 

Field radi- 

sen et al. 

savanna 




0.067 

ometry 

1990 





decrease 


Jakub- 

Mixed 

DN 

1^1884“ 

- 

decrease 

Bum classi- 

auskas et 

conifer- 


M885’ 


decrease 

fied into 

al. 1990 

-hardwood 




(severe) 

severe, mod¬ 


forest 




increase 

erate, and 






(moderate 

light 






and light) 


Jones et al. 

Spmce, 

Surface p 

0.546 

0.00- 

- 

Laboratory 

1991 

birch and 


pm 

0.06 


spectroscopy. 


pine char- 





Charcoal p as 


coal 





a fiinction of 







temperature 

Langaas 

W. African 

Surface p 

red 

0.05 

0.035 

Field radi- 

and Kane 

savanna 




decrease 

ometry 

1991 







Lopez and 

Evergreen 

TOAp 

TM\\ 

0.10 


- 

Caselles 

oak and 


TM2^ 




1991 

pine forest. 


TM3^ 

0.12 

0.04 



shrubs 




increase 


Pereira and 

Tropical 

DN 

TMl- 

- 

Increase 

In TM2 and 

Setzer 

forest and 


TM3 



TM3 bums 

1993 

pastures 





are darker 







than pastures 

Caetano et 

Pine forest 

DN 

TMl- 

- 

Increase 

10 days and 4 

al. 1994 

and shrub- 


TM3 



month old 


lands 





bums 

Siljestrom 

Xerophytic 

TOAp 

TM3 

0.35 

0.15 

1 to 3 year old 

and Mo¬ 

shrubs 




increase 

scars. 

reno 1995 







Hlavka et 

Tropical 

DN 

AVHR 

- 

Variable 

Bums darker 

al. 1996 

savanna 


Rl^ 



than bare soil. 







similar to 







vegetation 

Koutsias 

Pine forest 

DN 

TMl- 

- 

Increase 

One week old 

and Kar¬ 

and shrub- 


TM3 



bum 

teris 1996 

lands 






Silva 1996 

Temperate 

TOAp 

TMI 

0.095 


3 to 6 month 


forests and 


TM2 

0.073 

0.01-0.02 

old scars 


shrublands 


TM3 

0.066 

increase 


Pereira 

Temperate 

TOAp 

AVHR 

0.08 

0.02 

Less than 4 

1999 

forests and 


RI 


increase 

month old 


shrublands 





scars 


(p) = Reflectance ; ^ 0.49 |im; ^ 0.56 |im; ^ 0.66 \im; 0.525 |Xm; ^ 0.63 \im. 
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7.2.2 

Near-infrared (0.7 -1.3 fim). 

The near-infrared (NIR) spectral region has also been extensively used to ana¬ 
lyse burnt surfaces, and most of the studies mentioned in the previous section also 
report results for the NIR. A summary of results is given in Table 7.2. 


Table 7.2. Spectral properties of bumt surfaces in the near-infrared range 


Reference 

Vegetation 

type 

Data 

type 

Spectral 

region 

(p) 

Spectral 

change 

Comments 

Fuller and 

Boreal 

sur- 

1.3 pm 

0.15 

decrease 

0 to 1 year old 

Rouse 1979 

forest 

face p 




bums 





0.40 

Increase 

25 year old scar 

Tanaka et al. 

Pine 

sur- 

1.1 pm 

0.17- 

0.05-0.10 

- 

1983 

branches 

face p 


0.22 

decrease 


Ponzoni et 

Tropical 

DN 

TM4 

- 

decrease 

Only water was 

al. 1986 

savanna 





darker than 







bums 

Chuvieco 

Pine for- 

radi- 

TM4 

- 

decrease 

Fire scars a few 

and Con- 

ests and 

ance 




days old 

galton 1988 

shniblands 






Frederiksen 

W. African 

sur- 

NIR 

0.059 

0.13 

1 day old bum 

et al. 1990 

savanna 

face p 



decrease 


Jakubauskas 

Mixed 

DN 

TM4 

- 

decrease 

Darkening of 

et al. 1990 

conifer- 




in all 3 

surface in TM4 


-hardwood 




bum 

was used to 


forest 




severity 

delineate fire 






classes 

severity classes 

Langaas and 

W. African 

sur- 

NIR 

0.065 

0.155 

Same day as late 

Kane 1991 

savanna 

face p 



decrease 

dry season fire 





0.075 

0.115 

1 day old early 






decrease 

dry season fire 

L6pez and 

Evergreen 

TOA 

TM4^ 

0.12 

0.06 

TM4 was the 

Caselles 

oak and 

P 



decrease 

only channel 

1991 

pine forest. 





where post-fire p 


shrubs 





decreased 

Pereira and 

Tropical 

DN 

TM4 

- 

decrease 

Bums remain 

Setzer 1993 

forest and 





darkest surfaces 


pastures 





during 4 years 

Caetano et 

Pine forest 

DN 

TM4 

- 

decrease 

Only shade 

al. 1994 

and shrub- 





endmember was 


lands 





darker than bum 







endmember 

Siljestrom 

Sand dune 

TOA 

TM4 

0.42 

increase 

1 to 3 year old 

and Moreno 

xerophytic 

P 




scars 

1995 

shrubs 






Hlavka et al. 

Tropical 

DN 

AVHRR2^ 


Decrease 

Bums darker 

1996 

savanna 





than bare soil 
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and vegetation, 
similar to water 


Koutsias and 
Kartens 

1996 

Pine forest 
and shrub¬ 
lands 

DN 

TM4 


decrease 

One week old 
bum 

Silva 1996 

Temperate 
forests and 
shrublands 

TOA 

P 

TM4 

0.067 

decrease 

Only water was 
darker than bum 

Pereira 1999 

Temperate 
forests and 
shrublands 

TOA 

P 

AVHRR2 

0.08 

0.02 

increase 

Less than 4 
month old scars 


' 0.83 ^m; ^ 0.91 ^m. 


The NIR is the spectral region where the signal of recent fire scars is strongest, 
and is generally considered as the hest spectral region for burnt area detection and 
mapping (Hall et al. 1980, Tanaka et al. 1983, Richards 1984, Ponzoni et al. 1986, 
Frederiksen et al. 1990, Langaas and Kane 1991, Lopez and Caselles 1991, Pereira 
and Setzer 1993, Caetano et al. 1994, Koutsias and Karteris, 1996, Silva, 1996, 
Sousa 1998, Pereira 1999), especially when pre-fire fuel loadings are high and 
combustion produces large amounts of charcoal that are deposited on the ground. 
Since green vegetation is very reflective in the NIR, burning typically causes more 
or less significant decreases in reflectance. The only exceptions to this trend in 
Table 7.2 are the already mentioned study by Siljestrom and Moreno (1995) and, 
in the case of Fuller and Rouse (1979), for a 25-year-old fire scar. Contribution of 
bright soil backgrounds is a likely explanation for these cases of older fire scars. 
The phenological status of the vegetation (i.e. green versus dry) prior to the fire 
appears to be less significant in the NIR, and therefore does not introduce a dis- 
tinction between the burning of dry savannas on one side, and the burning of green 
forests and shrublands, on the other side. Both green and dry vegetation have 
substantially higher reflectances than recent burns, and therefore darkening of the 
burnt surfaces in the NIR is practically systematic. 

Figure 7.1 shows the visible-NIR spectral reflectances of green and scorched 
maritime pine {Pinus pinaster Ait.) needles, and also of charcoal and ash from a 
pine forest fire. Charcoal is very dark throughout the entire spectral range, while 
ash is very bright and displays a monotonical increase in reflectance with wave- 
length. Scorched needles are brighter than green needles in the blue and red 
wavelengths, and darker in the green and NIR. A fire of moderate severity that 
only scorches the tree crowns, will cause an increase in visible reflectance, and a 
decrease in NIR reflectance, relatively to the healthy forest canopy. Plant material 
reflectance measurements made at the canopy level are known to produce signifi- 
cantly lower reflectances than those shown in Fig. 7.1 (Williams 1991), such that 
the visible reflectance of a green pine forest canopy is quite close to that of a burnt 
surface, while the NIR canopy reflectance remains substantially higher. This is 
illustrated in Figure 7.2, that shows results from a simulation using a hybrid geo- 
metrical-optical / radiative transfer (GORT) model (Ni et al. 1998). The spectral 
signatures of a green maritime pine forest canopy over a pure charcoal background 
were derived as a function of stand density, ranging from 500 to 2000 trees/ha. 
Reflectances in the blue and red wavelengths are almost independent of stand 
density, showing that a dense pine forest canopy is almost as dark as a charred 
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—^ æh -»-charcoal green needles —•—scorched neecBes 

Fig. 7.1. Spectral reflectance signatures of characteristic constituents of fire-affected areas, 
at a spectral resolution of 10 nm. The data were collected with a portable 
spectroradiometer under field conditions (charcoal and ash), and in the laboratory using an 
integrating sphere (needles). 


surface at these wavelengths. On the contrary, NIR canopy reflectance increases 
markedly with stand density 

7.2.3 

Mid-infrared (1.3 - 8.0 |im) 

Observations of the Earth surface in the mid-infrared (MIR) only became 
widely available after the launch of the Landsat-4, carrying the Thematic Mapper 
sensor with two channels in this spectral range, TM5 (1.6 jim) and TM7 (2.1 \im). 
Field radiometric or spectroradiometric data concerning burnt areas in the MIR 
appear to be unavailable in the literature. Most of the work done on remote sens- 
ing of burnt surfaces in the MIR relied on the Landsat TM, with some exceptions 
such as the studies by Eva et al. (1995) with the ATSR-1, and Pereira (1999) with 
the AVHRR (Table 7.3). 

MIR spectral changes induced by fire are similar to those in the visible range, 
since burnt areas are typically more reflective than green vegetation, but darker 
than the predominantly senesced vegetation of tropical savannas during the dry 
season. Pereira and Setzer (1993) show no exception, because the fire scars were 
found to be brighter than primary tropical forest, and darker than secondary forest 
and grasslands. 

The differences between temperate forest and shrublands, and tropical savannas 
regarding the MIR spectral changes caused by burning are likely to result from the 
phenological factors already mentioned in the case of the visible range. However, 
in the visible range, the relevant physiological change inducing high pre-fire 
vegetation reflectance was the loss of chlorophyll, while in the MIR this is a 
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500 trees. ha-1 1000 trees. ha-1 -a— 1500 trees. ha-1 -»“2000 trees. ha-1 

Fig. 7.2. Simulated spectral reflectance signatures of an understory fire that produces a 
pure charcoal background, but leaves an intact tree canopy. A leaf area index of 3 was 
assumed for each individual tree, and signatures are simulated as a function of stand 
density. The GORT model (Ni et al. 1998) was used in the simulation. 


consequence of loss of water by the plant tissues. The mid-infrared spectral region 
has been more recently identified by a few authors, mostly working on temperate 
ecosystems, as promising for detecting burns, since the fire-induced increase in 
brightness is larger than in the visible range (Lopez and Caselles 1991; Koutsias 
and Karteris 1996; Silva 1996; Pereira 1999). Pereira (1999) found that the in¬ 
crease in reflectance over burnt surfaces is higher in the MIR than in the visible, 
and thus considered the NIR/MIR bispectral space more appropriate for burnt area 
discrimination and mapping than the classical visible/NIR space used in remote 
sensing of vegetation. The Landsat TM MIR channels were identified by some 
authors as those where burned surfaces display ed a larger scatter of brightness 
values (Ponzoni et al. 1986; Pereira and Setzer 1993; Koutsias and Karteris 1996; 
Silva 1996), and Pereira (1999) presented similar results for the reflective compo- 
nent of the AVHRR channel 3. This suggests the possibility of using the MIR for 
characterising the internal variability of burned areas, which may be correlated 
with the severity of fire effects, and the spatial pattern of fire intensity (Justice et 
al. 1993). Also, atmospheric scattering, including for smoke aerosols is very small 
in this wavelength range, and therefore does not reduce spectral contrast at the 
surface. 

Figure 7.3 shows top-of-atmosphere (TOA) spectral reflectance of se veral dif- 
ferent types of surfaces, using data from the Landsat 5 TM. The spectral signa¬ 
tures displayed represent mean values of several training areas extracted from over 
20 Landsat TM scenes in Portugal. Two types of burnt surfaces are shown, one 
corresponding to a fire in a shrubland, and another to a fire in a conifer forest. The 
forest fire scar has slightly higher reflectance in the visible and NIR, and slightly 
lower reflectance in the MIR, but the two signatures are quite similar. MIR re- 
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flectance of the burnt surfaces is lower than that of unvegetated surfaces (bare soil, 
rock outcrop, and urban area), but higher than the reflectance of vegetation and 
water. Contrary to vegetation, recent burns display a small "NIR edge", a charac- 
teristic rise in reflectance from the NIR to the MIR. This feature is also present in 
the signatures of other unvegetated surfaces, but burns tend to have lower reflec¬ 
tance than these land cover types over the entire Spectrum of the TM. 


Table 7.3. Spectral properties of burnt surfaces in the mid-infrared range 


Reference 

Vegetation 

Data Spectral 

(p) 

Spectral 

Comments 


type 

type region 


change 


Ponzoni et 

Tropical 

DN TM5 

- 

decrease 

Bums are darkest 

al. 1986 

savanna 

TM7 



surface in TM5 

Only water is 
darker in TM7 

Chuvieco 

Pine forests 

radi- TM5 

- 

increase 

Fire scars a few 

and Con- 

and shrub- 

ance TM7 



days old 

galton 1988 

lands 





L6pez and 

Evergreen 

TOA TM5' 

0.22 

0.05 

TM7 reflectance 

Caselles 

oak and pine 

P 


increase 

drops to pre-fire 

1991 

forest, shrubs 

TMl^ 

0.18 

0.10 

increase 

levels only 6 years 
after fire 

Pereira and 

Tropical 

DN TM5 

- 

variable 

Bums were 

Setzer 1993 

forest and 

TM7 



brighter than pri¬ 


grasslands 




mary forest, but 
darker than secon- 
dary forest and 
grasslands 

Caetano et 

Pine forest 

DN TM5 

- 

increase 

Bum was brighter 

al. 1994 

and shrub- 

TM7 



than vegetation 


lands 




endmember, but 
darker than soil 
endmember 

Eva et al. 

Tropical 

DN ATSR-1 


decrease 

Time series analy- 

1995 

savanna and 

SWIR^ 



sis of dry grass 


forest 




fires 

Siljestrom 

Xerophytic 

TOA TM5 

0.90 

0.50 

1 to 3 year old 

and Moreno 

shrubs 

P 


increase 

scars 

1995 


TM7 

0.55 

0.35 






increase 


Koutsias 

Pine forest 

DN TM5 


Stable 

One week old bum 

and Karteris 

and shrub- 

TM7 


increase 


1996 

lands 



Silva 1996 

Temperate 

TOA TM5 

0.153 

increase 

Only bare soil was 


forests and 

P 



brighter 


shrublands 

TM7 

0.141 


Bum was brightest 
surface 

Pereira 

Temperate 

TOA AVHRR 

0.1 

0.04 

Used reflective 

1999 

forests and 

P 3^ 


increase 

component of 


shrublands 




AVHRR channel 3 


^ 1.6 pm; ^2.1 pm; ^ 3.75 pm 
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TM1 TM2 TM3 TM4 TM5 TM7 

Landsat 5 TM channels 

shrubland burn - - - forest burn —♦-—pine forest —A—poplar plantation 

—•—cornfield —e—water —i—urban area —■—wetland 

—□— bare soil —*— rock outcrop 

Fig. 7,3. Spectral signatures of diverse land cover types, extracted from Landsat TM 
imagery. The data were not corrected for atmospheric effects. 


Figure 7.3 also shows that both types of burn have slightly higher reflectance 
than green vegetation in the red channel (TM3). In the green channel (TM2) the 
reflectances of vegetation and burns overlap one another, and in the blue channel 
(TMI) the poplar plantation and the corn field are darker than both burns. 

7.2.4 

Thermal infrared (8.0 -14.0 pm) 

In this section we do not consider the thermal signal generated during the fire, 
by flaming or smouldering combustion of phytomass, i.e. the active fire signal. 
Our discussion focuses on the post-fire surface heating, considered by Whelan 
(1995) as one of the most relevant changes induced by fire in the physical envi- 
ronment. Surface heating is caused by a combination of factors, such as the re¬ 
moval of vegetation shading and of the insulative effect of litter, lowered albedo 
of the soil surface, and altered soil water relations (Whelan 1995). 

A diversity of sensors have been used to analyse burnt surfaces in the thermal 
infrared, namely the Landsat TM, the AVHRR, and the ATSR (Table 7.4), and all 
authors report the expected increase in temperature over burnt surfaces, relative to 
the pre-fire situation. However, some authors consider the temperature differences 
too small to allow the reliable detection of burns (Pereira and Setzer 1993), while 
others mention that the differential thermal signal vanishes rapidly as soon as the 
vegetative cover starts to regenerate (Lopez and Caselles 1991). Nevertheless, Eva 
et al. (1995), working with a time series of daily ATSR-1 data in the tropical sa- 
vannas of Central Africa, found the temperature increase, in conjunction with a 
decrease in MIR reflectance, to be a reliable detector of burnt surfaces. 

The usefulness of thermal data for the detection of burnt surfaces appears to be 
variable, depending on the degree of contrast with surrounding land cover types, 
the time since the fire (i.e. scar age), and the meteorological conditions during the 
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period between fire occurrence and data acquisition. However, these caveats also 
apply to the analysis of data from the solar reflective spectrai domain. 


Table 7.4. Spectrai properties of burnt surfaces in the thermal infrared range 


Reference 

Vegetation 

type 

Data Spectrai 

type region 

Thermal 

change 

Comments 

Lépez and 

Evergreen oak 

Bright- TM 6^ 

5-6°C 

One month old 

Caselles 

and pine for¬ 

ness tem¬ 

increase 

bums 

1991 

est, shrubs 

pera¬ 





ture 



Pereira and 

Tropical forest 

DN TM6 

increase 


Setzer 1993 

and pastures 




Cahoon et 

Boreal forest 

Bright- AVHRR4^ 

increase 

Global Area 

al. 1994 


ness tem¬ 


Coverage data 



pera¬ 


(4 km 



ture 


spatial resolu¬ 





tion) 

Eva et al. 

Tropical sa¬ 

Bright- ATSR-1 

10-15 °C 

Time series 

1995 

vanna 

ness tem- TIR^ 

increase 

analysis of dry 


And forest 

pera- 


grass fire scars 



ture 



Hlavka et al. 

Tropical sa¬ 

DN AVHRR 3^ 

increase 

Bums similar to 

1996 

vanna 



bare soil. 


brighter than 

__ vegetation 

M 1.5 pm; ^11 pm; ^10.85 pm; "^3.75 pm. 


7.2.5 

Microwave (> 1 mm) 

Most of the work performed so far on the remote sensing of burnt areas in the 
microwave spectrai range has analysed conifer forest ecosystems, mostly in boreal 
regions. An exception is the study by Malingreau et al. (1995) of a hypothetical 
savanna fire in central Africa. Spaceborne and airborne synthetic aperture radar 
(SAR) have been the instruments of choice, C-band the most widely used spectrai 
channel. Several authors have used data from the ERS-1 SAR instrument, which 
relies on vertical-vertical (VV) polarisation for the C-band, but studies that relied 
on airborne instruments had access to alternative forms of signal polarisation (Ta¬ 
ble 7.5). 

Apparently contradictory results have been reported by different authors. 
Kneppeck and Ahern (1989) found a decrease in backscatter intensity over a coni¬ 
fer forest burn, which was more noticeable with HV than with VV polarisation. 
Kasischke et al. (1992) and Landry et al. (1995) also found a decrease in return 
intensity over a three year old burn, and a one year old burn, respectively. But 
Werle et al. (1991) and Landry et al. (1995) reported that the backscatter changes 
over very recent burns (i.e. about one week old) were too small to allow for detec- 
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tion of the fire scars. On the other hånd, Kasischke et al. (1992,1994), Bourgeau- 
Chavez et al. (1994, 1995), French et al. (1994), and Malingreau et al. (1995) all 
observed fire-induced increases in backscatter intensity. 


Table 7.5. Spectral properties of burnt surfaces in the microwave range 


Reference 

Vegetation 

type 

Spectral 

region 

Polarisation 

Back¬ 

scatter 

change 

Comments 

Kneppeck 
and Ahem 

1989 

Pine and 

spmce 

forest 

SAR C- 
band^ 

HV and VV 

decrease 

Larger change 
with HV than 
VV 

Werle et al. 
1991 

Boreal 

forest 

SAR C- and 
X-band^ 

HH andHV 

incon- 

clusive 

Bum less than 
one week old 

Kasischke et 
al. 1992 

Boreal 

forest 

SAR C- 
band 

VV 

variable 

Backscatter 
increase over 
recent bums, 
decrease over 
3-year old 
bums 

Bourgeau- 
Chavez et al. 
1994 

Boreal 

forest 

SAR C- 
band 

VV 

increase 

Permafrost 
melting in¬ 
creases soil 
moisture 

French et al. 
1994 

Boreal 

forest 

SAR C- 
band 

VV 

increase 

Permafrost 
melting in¬ 
creases soil 
moisture 

Kasischke et 
al. 1994 

Boreal 

forest 

SAR C- 
band 

w 

increase 

Spatial hetero- 
geneity of 
signal within 
bum 

Bourgeau- 
Chavez et al. 
1995 

Boreal 

forest 

SAR C- 
band 

VV 

increase 

Permafrost 
melting in¬ 
creases soil 
moisture 

Landry et al. 
1995 

Conifer 

forest 

SARC- 

band 

HH 

incon- 

clusive 

decrease 

Very recent 
bum 

One year old 
bum 

Malingreau et 
al. 1995 

Tropical 

shrubby 

savanna 

SAR C- 
band 

VV 

increase 

No ground 
checking. Bum 
is hypothesis 

*3.75-7.5 cm; 

^2.4-i75cm. 






The explanations proposed for the backscatter changes detected invoke altera¬ 
tions in vegetation structure, and in vegetation and soil moisture content. The 
ecological impacts of fire in the boreal forests of Alaska were thoroughly ana- 
lysed, with microwave imagery and in the field, by Kasischke et al (1992, 1994), 
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Bourgeau-Chavez et al. (1994, 1995), and French et al. (1994). These authors 
found that the consistent increase in backscatter intensity over burn scars was due 
to an increase in soil moisture caused by permafrost melting, as a consequence of 
increased solar irradiance and absorbance at the ground level, due to lowered 
surface albedo. 

7,2.6 

An OverView of the characteristics of burnt surfaces using Landsat 5 
TM imagery 

7.2.5. f 

Spectral properties and colour composites 

Plate 7.1 displays a series of Landsat 5 TM red-green-blue (RGB) colour com¬ 
posites, showing burns that occurred during the sununer of 1995, in a diverse 
landscape of central Portugal. The satellite image dates from September 24, a few 
weeks after the fires. The region shown covers an area of approximately 30km by 
30 km, where the urban area identified with the number 2 is the city of Coimbra. 
The colour composites were chosen to show different views of this landscape in 
alternative three dimensional spectral spaces. The first image (Plate 7.1a) is a "true 
colour" view, with TM channels 3, 2, and 1 in the red, green, and blue colour 
planes (RGB-321), a representation that uses spectral data only from the visible 
range. The burns appear as brown patches (1), clearly darker than urban areas (2) 
and agricultural vegetation (3), but brighter than forested areas (4), namely the 
region of rugged terrain in the lower left corner of this subscene. This is consistent 
with the Tindings reported in Section 2.1 regarding fire-induced spectral changes 
in the visible wavelengths. 

Plate 7.1b is an RGB-432 composite, with a colour coding similar to that of a 
false colour infrared aerial photography, thus combining data from the visible 
(TM2 and TM3), and near-infrared (TM4). Here, the burns appear as dark grey 
patches, while the vegetated areas are intensely red. Urban areas and bare soils 
appear in bluish grey tones. The much stronger contrast between burns and vege¬ 
tated areas, in comparison to plate 7.1a is due essentially to the contribution of the 
near-infrared channel, TM4. Since vegetation is quite reflective in this spectral 
region, its removal or drastic reduction by combustion causes a marked decrease 
in reflectance. The red and NIR spectral data contained in this colour composite 
define the bispectral space typically used for vegetation studies, and namely for 
the definition of most vegetation indices. 

Plate 7.1c displays an RGB-743 colour composite, thus containing data from 
the three major spectral regions covered by the TM: visible (TM3), near-infrared 
(TM4), and mid-infrared (TM7). Burnt areas stand out very clearly as dark red 
patches, contrasting with the green shades of vegetated areas, and the white to 
pink tones of urban areas and bare soils. Burnt areas appear dark red because of 
their relatively higher reflectance in the MIR, relatively to the visible and NIR. 
Vegetated areas are predominantly green because they are highly reflective only in 
the NIR (TM4), since plant pigments absorb strongly in the visible (TM3), and 
water contained in plant tissues absorbs MIR (TM7) radiation. Recent work by 
several authors has shown that spectral indices defined in the NIR/MIR bispectral 
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Space (a subset of this colour composite) are more efective for detecting burnt 
surfaces than the traditional red/NIR bispectral space (Lopez and Caselles 1991, 
Silva 1996, Sousa 1998, Pereira 1999). 

Finally, Plate 7. Id shows an RGB-647 composite, constnicted with thermal in- 
frared data (TM6), NIR data (TM4) and MIR data (TM7). This composite ex- 
cludes any visible channel data. The resulting image is quite similar to the previ- 
ous one, but burnt surfaces appear now as patches of a brighter tone of red. This is 
due to the faet that these surfaces are hot and dry, and therefore both TM6 and 
TM7 contribute significantly to their signal. Use of the thermal channel also ap- 
pears to introduce additional spectral discriminant ability for distinetive vegetation 
types, as seen in the lower left hånd corner of the subscene. 

7 . 2 . 6.2 

Fire-induced spectral changes and vegetation recovery 

Changes in the spectral properties of vegetated areas caused by fire were ana- 
lysed in the previous sections, for the main spectral regions commonly used in 
satellite-based Earth observation. Plate 7.2 illustrates these concepts with a time 
series of six Landsat 5 TM images (RGB-743) of a site in central Portugal, located 
about 35 km west of the region shown in Plate 7.1. This area covers approximately 
43 km by 20 km, containing a Coastal mountain, Serra da Boa Viagem, and a sand 
dune pine forest. Two fires took place in this area during the summer of 1993, one 
that burned most of the sand dune pine forest (identified as 1 in Plate 7.2b), and a 
smaller one, that affeeted Serra da Boa Viagem (identified as 2 in Plate 7.2b). 

The spectral changes caused by the fires were quite drastic, as can be seen in 
Plate 7.2a, dated from November 1992 and Plate 7.2b, from October 1993. The 
burnt areas appear in red colour, brighter in site 1 and darker in site 2. This differ¬ 
ence is probably due to the brighter soil colour in the sand dune, and to the effeet 
of topographic shading, in the mountain site. In Plate 7.2c (December 1994), a 
marked difference in the rates of vegetation recovery between the two sites is 
already evident. The burn scar in site 2 is barely visible, partly due to deep topo¬ 
graphic shading, while in site 1 the scar still displays a very strong contrast with 
the surrounding landscape. The fire scar on the sand dune evolves into progres- 
sively lighter tones of pink, in Plates 7.2c, 7.2d (September 1995), and 7.2e 
(March 1996), possibly due to the gradual removal of combustion residues, and 
inereasing exposure of the bright sandy soil background. It is only five years after 
the fire (Plate 7.2f, October 1997) that vegetation recovery becomes apparent in 
site 1. Differences in primary productivity between the two sites are also probably 
related to the very distinet rates of post-fire vegetation recovery. A thorough dis- 
cussion of factors influencing post-fire successional patterns in Mediterranean- 
type ecosystems, and their assessment with Landsat TM data is available in 
Viedma et al. (1997). Detailed comparison of colour patterns between the different 
dates must be done with caution, taking into account that the images were not 
calibrated, neither in absolute nor in relative terms. However, equivalent histo¬ 
gram stretching parameters were used, in order to allow for a visual, qualitative 
comparison of the various dates. Figure 7.4 displays the temporal trajectory of the 
median value of a data sample from fire 1 (marked with a yellow square in Plate 
7.2b), in the spectral space of the colour composites. The change from 92 to 93-94 
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reveals essentially a loss of the vegetation signal. From 93-94 to 95, there is a 
migration along the soil line (in TM3/TM4 space), towards a brighter background, 
corresponding to charcoal removal, and from 95 to 96 there is evidence of some 
recovery of the vegetation signal. Finally, in 97 the median pixel appears vege- 
tated but more reflective in the NIR (TM4), indicating the presence of a "shal- 
lower" canopy typical early stages of post-fire vegetation recovery. 


95 



56 ^ 
46 
36 ' 
26 ^ 


i 


Fig. 7.4. Temporal trajectory of a fire scar data sample in red-NIR-MIR (TM3-TM4-TM7) 
spectral space, over a 5-year period, from November 1992 (pre-fire) to October 1997. 


7.3 

Conciusions 


Based on our own experience, complemented by a review of the literature on 
detection and mapping of burnt areas using field radiometry data and satellite 
imagery, it was possible to draw a series of conciusions. The degree to which 
these conciusions can be generalized, and the firmness with which they are estab- 
lished is, of course, variable. Scientists working in specific regions and dealing 
with concrete data sets should take them as tentative, and assess to what extent 
they are confirmed or denied by their own data and insights. Nevertheless, we 
propose the following list of conciusions: 

1. In the visible spectral range, there appears to be a difference between the 
short-term post-fire response of boreal and temperate ecosystems, on the 
one side, and of tropical ecosystems, on the other side. In the former, re¬ 
cent burns tend to be brighter than pre-fire vegetation, while in the latter 
they generally appear darker. 
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2. This distinction does not occur in the NIR region, where the brightness of 
recently bumt areas is systematically lower than that of the pre-existing 
land cover types. 

3. Spectral response to fire in the MIR is similar to that observed in the visi¬ 
ble region of the Spectrum, but with a larger increase in brightness, in bo¬ 
real and temperate ecosystems. 

4. The thermal signal of burnt areas has not been widely used, although 
higher temperatures have been observed for recent burns. The signal seems 
to be weaker than that of charcoal, and possibly less persistent than that 
originating from the reflective wavelengths. 

5. Overall, persistence of the char signal varies as a function of fuel particle 
size distribution, and post-fire weather conditions, while scar duration de- 
pends essentially on site primary productivity. 

6. In the microwave range, control of the radiative response by plant canopy 
structure, and vegetation and soil water content results in diverse, appar- 
ently contradictory findings, which in some cases have not yet been thor- 
oughly interpreted and confirmed. 

7. The NIR provides the best (i.e. strongest and less equivocal) discriminant 
ability to identify burns in satellite imagery. 

8. The visible range is not adequate for effective spectral discrimination of 
fire-affected surfaces, due to confusion with several other land cover types 
that are also relatively dark in this spectral domain. 

9. The MIR has, in general, higher capability to identify burns than the visi¬ 
ble range. At least in boreal and temperate biomes burns appear brighter, 
and this spectral region is also much less sensitive to atmospheric distur- 
bances. 

10. As a consequence of the last three conclusions, the NIR / MIR bispectral 
Space has a stronger discriminant ability for recently burned surfaces than 
the classical NIR/visible space. 

11. Burnt surfaces reveal the ecological effects of fires, and these affect their 
levels of greenness, albedo, temperature, and soil moisture. Therefore, im- 
proved methodologies for burnt area mapping will require the selection, 
development and integration of indices sensitive to the spectral character- 
istics of these surface parameters. 
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Abstract. A brief review of studies dealing with burnt area mapping using coarse 
spatial resolution satellite imagery is presented, followed by an analysis of areas 
burnt in Iberia during the 1991 and 1994 fire seasons, two of the worst on record 
in Portugal and Spain, respectively. In order to detect and map burnt areas, new 
multitemporal image compositing algorithms were developed. Burnt area mapping 
for the 1991 fire season relied on the Global Environment Monitoring Index 
(GEMI), albedo, and surface temperature. A rule-based classifier was induced 
from training data, using the classification and regression trees (CART) algorithm. 
Fire size estimates compared well to those derived with Landsat TM imagery, but 
appear unreliable for burns smaller than about 2000 ha. The 1994 fire season data 
were analysed with a two-phase procedure. First, a new spectral index was spe- 
cifically designed for burnt area detection. Images of this index were thresholded 
to detect clearly burnt pixels and to avoid commission errors. Secondly, a dis- 
tance-based multicriteria analysis technique was applied, combining spectral 
similarity and spatial contiguity criteria, to map the burns. The method detected 
over 80% of all large fires, and proved especially effective at mapping burns 
larger than 1000 ha. 


8.1 

Introduction 

Southern European wildfires affect thousands of square kilometres of forests, 
shrublands and grasslands every year, causing economic losses, environmental 
damage and, often, loss of human life. Under the Mediterranean climatic condi- 
tions prevailing in the region, the fire season occurs in the summer months. Win¬ 
ter fire regimes are a minority, and can be found mostly in northern Italy and 
northern Spain. The concentration of a large proportion of the total area burnt in a 
small number of large fires has been described for the region (Våzquez and Mo¬ 
reno 1995; CE 1996). This agrees with previous fmdings for Southern California 
and northern Baja California (Minnich 1983; Strauss et al. 1989) and Canada 
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(Stocks 1991) and is favourable from the standpoint of using low spatial resolution 
satellite imagery to map burnt areas in Southern Europe. It means that detection 
and mapping of only the larger fires will represent the great majority of the total 
area burnt every season. Several satellite systems currently available are adequate 
for this task, such as the NOAA Advanced Very High Resolution Radiometer 
(AVHRR), the VEGETATION instrument on board SPOT-4, and the Along Track 
Scanning Radiometer (ATSR), on board ERS-2. The spatial resolution of these 
instruments is 1 km (VEGETATION and ATSR), and 1.1 km (AVHRR). An im- 
portant advantage of mapping burnt areas using imagery from one of these sys¬ 
tems would be the timely production of burnt area statis tics, using a methodologi- 
cally consistent procedure for the entire region. 

To date, most studies of fire using low spatial resolution satellite imagery have 
relied on the detection of the thermal signal generated by active fires, following 
the pioneering work of Matson and Dozier (1981) and culminating with recent 
analyses of daily global fire activity, over a period of almost two years (Dwyer et 
al. 1998a,b). However, this approach has limitations for burnt area assessment, 
since short duration and a strong diurnal cycle of the fire thermal signal leads to 
temporal sampling problems, which can cause severe underestimation of the areas 
actually affected by fire (Pereira 1990; Pereira et al. 1998a). The feasibility of 
remotely sensing post-fire signals generated by the effects of fire (vegetation loss, 
surface charring, heating, and drying), and mapping burnt areas with low spatial 
resolution imagery, has been demonstrated in recent years for a variety of biomes 
(Kasischke et al. 1992, 1995; Cahoon et al. 1994; Caetano et al. 1996; Eva and 
Lambin 1998; Barbosa et al. 1997; Pereira et al. 1998a,b; Pereira, 1999). 

8.2 

Methods for burnt land mapping 

The range of methods used for burnt area mapping with low spatial resolution 
satellite imagery includes supervised classification (Cahoon et al. 1994; Pereira et 
al. 1998b), vegetation index image differencing (Kasischke et al. 1992, 1995; 
Martin and Chuvieco 1995), single-date vegetation index thresholding (Pereira 
1999), multitemporal regression analysis (Fernåndez et al. 1997), fuzzy multiple 
thresholding (Pereira et al. 1998a; Sousa 1998), spectral unmixing (Caetano et al. 
1996), and time-series analysis (Eva et al. 1995; Barbosa et al. 1997). These works 
are briefly reviewed below. 

Kasischke et al. (1993) and Kasischke and French (1995) applied an AVHRR- 
based multitemporal approach to map forest fires in Alaska, during the 1990 and 
1991 fire seasons. Kasischke et al. (1993) created two sets of normalized differ¬ 
ence vegetation index (NDVI) maximum value composites (MVC), corresponding 
to early summer and late summer dates, and differenced the two composites. Burnt 
areas were identified as those exceeding a given NDVI decrease threshold. This 
procedure underestimated the area burnt, but generated a large number of single 
pixel false alarms. However, a less restrictive threshold reduced the area underes¬ 
timation, and resulted in the detection of 89.5% of all fires larger than 2000 ha. 

This methodology was improved by Kasischke and French (1995), who com- 
pared an approach based on burnt area estimation using imagery from the same 
season as the fires, with another approach which also relied on imagery from the 
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following year. Thresholding of the NDVI MVC difference image of the same- 
year data produced various types of false alarms, requiring elimination of single 
pixel potential burns, of detections above the treeline, and of single or double 
pixel detections within 1 km of major rivers. The burnt area was underestimated, 
in spite of most fires being detected, and use of a less restrictive threshold pro¬ 
duced an increase in the number of false alarms. In order to reduce the burnt area 
underestimation, while minimising the number of false alarms, Kasischke and 
French (1995) imposed a spatial adjacency constraint on the burnt pixels identified 
with the less restrictive threshold, and considered as correct only those new detec¬ 
tions located within three pixels of the burns identified with the first threshold. 
The two-year data method was based on the detection of delayed green-up of 
burnt areas during the first Spring season after the fires. Those pixels with an 
NDVI value lower than a given threshold below the mean NDVI of unburnt for- 
ests, and located within a distance of four pixels from burns detected with the first 
threshold of the same-year dataset were considered as burns. This method led to 
20-30% improvements in burnt area estimation, over the single-year method, at 
the expense of a delay in the availability of results. 

Martin and Chuvieco (1994) employed a method similar to the single-year ap¬ 
proach of Kasischke et al. (1993) and Kasischke and French (1995) to analyse 
wildfires in the Mediterranean coast of Spain, during the Summer of 1991. They 
also used pre-season/post-season image differencing of AVHRR NDVI imagery, 
and compared the performance of MVC with analysis of single-date images from 
the two periods, considering as burns all NDVI decrements larger than 0.2. Image 
differencing based on two single images was found to match better the available 
field estimates of fire sizes than MVC differencing, possibly due to residual mis- 
registration between composited images. The area estimation accuracy for the 
largest fire (15400 ha) using non-composited image differencing was 97.4%. The 
superior performance of vegetation index image differencing based on single 
dates, rather than on multitemporal composites was confirmed by Martin and 
Chuvieco (1995). They also found that simple image differencing performed bet¬ 
ter than normalised differencing and multitemporal principal components analysis. 

Pereira (1999) compared four VI, namely the NDVI, the Vegetation Index 3 
(VI3) of Kaufman and Remer (1994), the Global Environment Monitoring Index 
(GEMI) of Pinty and Verstraete (1992), a modified version of this index, called 
GEMI3, where the reflective component of channel 3 was used instead of channel 

1, and fmally channel 2 alone. The new GEMI3, which combines the atmospheric 
insensitivity of the MIR range with the non-linear design of the GEMI, was found 
to be the best discriminator for burnt areas, followed by GEMI and VI3, channel 

2, and fmally the NDVI. This study used a single image dated from the late Sum¬ 
mer of 1991, and did not attempt to estimate areas burnt, but concentrated on the 
comparative analysis of VI performance. 

Wildfires in Spain were studied by Fernåndez et al. (1997), using a time series 
of 10-day maximum NDVI image composites. They visually identified the ap- 
proximate location of the central point of burn scars, and defmed 100 km by 100 
km geographical Windows around each centroid. Then performed image differ¬ 
encing and multitemporal regression analyses between pre-fire and post-fire com¬ 
posites. Image segmentation thresholds for burnt area classification were defmed 
at above the mean plus two standard deviation for the difference images. For the 
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multitemporal regression, pixels were considered as burnt if NDVIa<(NDVIar - 
2S), where NDVIa is the observed NDVI value after the fire, NDVIar is the esti- 
mated NDVI value after the fire, and S is the regression error within each window. 
The multitemporal regression approach performed slightly better than the image 
differencing, and both methods produced unbiased and accurate estimates of the 
area of large fires. 

Cahoon et al. (1994) analysed the severe 1987 fires in northern China and 
south-eastern Siberia with AVHRR Global Area Coverage (GAC) imagery. They 
created a clear-sky mosaic with images from multiple dates, and composited them 
using minimisation of channel 2 reflectance as the compositing criterion. The 
extent of the burnt area was then assessed by classifying the mosaic with the 
minimum distance to means classifier, applied to AVHRR channels 1, 2 ^d 4. 

Burnt area mapping with a supervised classification procedure was performed 
by Pereira et al. (1998), who used the Classification And Regression Trees 
(CART) algorithm of Breiman et al. (1984) to induce a classification tree from 
training data. They combined imagery from the Iberia Peninsula and from central 
Africa, and used CART to induce a single set of rules capable of segmenting 
NOAA-AVHRR imagery from the two regions, into burnt surface, unburnt surface 
and clouds. Classification accuracy, assessed from independent training data, was 
very high, and comparison with fire perimeters derived from Landsat TM imagery 
(for Iberia), and with active fires (for Africa), also revealed a very good match. 

Caetano et al. (1996) used a single NOAA/AVHRR 1.1 km image from mid- 
September of 1991 to detect and map fires occurring during that Summer season 
in central Portugal. They performed a spectral unmixing analysis, based on image 
endmembers, and used channel 1 (red), channel 2 (NIR), and NDVI spectral data. 
Green vegetation, soil, and burnt surface were the three spectral endmembers used 
in the SMA. Underflows and overflows (i.e. endmember fractions lower than zero, 
and higher than one, respectively) were accepted, and used as model fitting diag- 
nostics. Iterative analysis of endmember fraction and RMSE images served to 
optimise the selection of image endmembers. The resulting burnt fraction image 
was density sliced to define three classes: burnt, partially burnt, and unburnt. Par¬ 
tially burnt pixels adjacent to burnt ones were reclassified to burnt. AVHRR-based 
areal estimates of burnt areas were compared against a high spatial resolution fire 
perimeters map, developed from Landsat TM imagery. The spectral unmixing 
approach, complemented by the spatial adjacency criterion led to a correct classi¬ 
fication of 91% of the burnt area, but at the cost of a relatively large level of 
commission error, mostly due to areas where fires from the 1991 season were 
adjacent to 1990 burns. Spectral unmixing was considered advantageous over VI- 
based methods, due to its improved capability to distinguish burns from other 
unvegetated or sparsely vegetated areas. 

Eva et al. (1995) analysed fires in the savannas of central Africa with a time se¬ 
ries of data from the first Along-Track Scanning Radiometer (ATSR-1). They 
considered that a burnt area was present when a sharp decrease in reflectance at 
the 1.6 pm channel was accompanied by an increase in brightness temperature at 
the surface, given that the magnitude of both of these changes exceeded certain 
thresholds. The 1 km spatial resolution of ATSR-1 was considered adequate to 
estimate areas burnt in open savannas, but less reliable in forest-savanna mosaics, 
where fires tend to be smaller. 
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Barbosa et al. (1997, 1998b) also employed a time series approach, but worked 
with weekly composites of NOAA-AVHRR data, using minimum albedo as the 
multitemporal compositing criterion (Barbosa et al. 1998a). They used Global 
Area Coverage (GAC) data at 5 km resolution to analyse a multiple year data set 
of Africa and relied on surface brightness temperature and the GEMI to detect 
burns. A fire was considered to have occurred whenever a decrease in GEMI took 
place simultaneously with an increase in temperature. The thresholds for such a 
change to be considered as representing a burn were automatically adjusted, based 
on the mean and standard deviation values of the time series. 

Multiple-thresholding approaches, similar to those previously used for active 
fire detection (Kaufman et al. 1990; Kennedy et al. 1994) were employed by 
Pereira et al. (1998) and Sousa (1998). The main difference is that traditional crisp 
thresholds were replaced by fuzzy thresholds, or membership functions, deri ved 
through Visual inspection of the imagery. Pereira et al. (1998a) mapped daily burnt 
areas in a series of 25 NOAA AVHRR images of central Africa, relying on the 
GEMI3, albedo, and channel 3 reflectance. Comparison of daily estimates of area 
burnt with the occurrence of active fires detected with the algorithm of Flasse and 
Cecatto (1996) revealed very good agreement between the timing and general 
location of scars and active fires, but the latter severely underestimate area burnt. 
Sousa (1998) used a similar approach, but relying on GEMI, albedo, and AVHRR 
channel 4 brightness temperature. Comparison of her results with fire perimeters 
derived from Landsat TM showed good agreement (r = 0.90) and low regression 
bias. 

In the remainder of this chapter, we present results from our research on burnt 
area mapping in Southern Europe, using imagery from the NOAA-AVHRR. Our 
analyses concentrate on the Iberian Peninsula, the area in Southern Europe where 
fire incidence is highest (CE 1996). 

8.3 

Mapping burnt areas in Southern Europe from NOAA- 
AVHRR data 


8.3.1 

Data and methods 

The study area is located between the latitudes of 34° 20‘ N and 45° 50‘ N, and 
the longitudes of 24° 40‘ E and 11° 42‘ W. It covers the entire territories of Portu¬ 
gal and Spain (with the exception of the Azores, Madeira and Canary Islands), 
Italy, Greece, and the Southern part of France. The data used in the project were 
acquired in High Resolution Picture Transmission (HRPT) format by the NOAA- 
11 satellite, during the early afternoon pass. The images were navigated, repro- 
jected to Albers Conical Equal Area (ACEA) projection, and geometrically ad- 
justed using ground Control points, mostly from the extensive coastlines of South¬ 
ern Europe. The data were also radiometrically calibrated to apparent reflectances 
(channels 1 and 2), taking into account the calibration drift (Rao and Chen 1995), 
and to brightness temperatures (channels 4 and 5), correcting for non-linearity 
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(Cracknell 1997). Due to an idiosincracy of the archiving procedure, channel 3 
data were unavailable for the period of the study. 

Two distinet methodological approaches were followed for the years of 1991 
and 1994, which were record years for burnt area in Portugal and Spain, respec- 
tively. A common step in both approaches was multitemporal compositing of the 
daily AVHRR imagery, to reduce cloud coverage and radiometric instability of the 
data due to other atmospheric and directional effeets. New compositing criteria 
had to be developed, because the traditional criterion of compositing according to 
the NDVI MVC is inappropriate for burnt area analyses (Barbosa et al. 1998; 
Pereira et al. 1998). However, the alternative approaches proposed by Cahoon et 
al. (1994), based on minimum channel 2 compositing, and by Barbosa et al. 
(1998), using minimum albedo compositing, were also found to be unsuitable due 
to retention of cloud shadows over burnt areas. Therefore, a new two>criteria pro¬ 
cedure was applied to the 1991 imagery, whereby the three dates with the lower 
channel 2 reflectances in each 10-day compositing period are kept, for each pixel. 
Then, the date out of these three with the highest channel 4 brightness temperature 
is selected (minC2 maxC4). For the 1994 imagery, a simpler approach based 
on maximum channel 4 brightness temperature was deemed adequate. Both ap¬ 
proaches tend to preserve the signal from recent burns over practically any alter¬ 
native, and do not retain cloud shadows in the composited images of the individual 
channels. 

The two approaches di ver ged in subsequent steps. The main phases of the pro¬ 
cedure used to analyse the 1991 imagery are summarised in Fig. 8.1. Eleven dates 
of pre-processed AVHRR imagery were composited as described above, and used 
to calculate the Global Environmental Monitoring Index (GEMI) of Pinty and 
Verstraete (1992), albedo (Saunders 1990), and brightness temperature, according 
to the split-window procedure of Price (1984). These variables are sensitive to the 
main spectral properties of recently burnt surfaces, and their usefulness for burnt 
area mapping has been demonstrated by Pereira et al. (1998a,b) and Sousa (1998). 
Training data from burnt areas, and from the unburnt landscape were extracted by 
Visual inspection of colour composite images, and used in a supervised classifica- 
tion procedure. We used classification and regression trees (CART), a non-linear, 
non-parametric classifier that generates classification rules through an induction 
procedure described in detail by Breiman et al. (1984). CART fits models by a 
procedure of binary recursive partitioning, that successively splits the data into 
inereasingly homogeneous subsets. Results are presented as an inverted tree, 
starting in a root node, and generating descendent nodes through series of yes/no 
questions. Some nodes are terminal, indicating that a final classification was 
reached, while other (child nodes) require further splitting, until a terminal node is 
reached. Each split separates parent node into exaetly two child nodes, and is 
usually based on a question relating to a single variable. CART was successfully 
used by Pereira et al. (1998b) to develop a single classification tree capable of 
simultaneously mapping burns in Iberia and the Central African Republic. 

Accuracy of the resulting burnt area maps was assessed in two ways. In the 
first, we used a 10-fold cross validation procedure (Breiman et al. 1984). The data 
were divided into ten equal sized subsets, and ten different classification trees 
were grown, each one using 9/10 of the data to develop the model, and the re- 
maining 1/10 for accuracy assessment purposes. Then, the tree which optimises a 
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Fig. 8.1. Image analysis flowchart for the 1991 AVHRR data set. 


compromise between simplicity of the rule set and classification accuracy statis- 
tics (the optimal tree) was selected. Classification accuracy assessment was per- 
formed with a contingency table and the k (kappa) statistic. The second procedure 
compared area estimates for fires larger than 500 ha, obtained with Landsat 5 TM 
data, and with the CART-based AVHRR image classification. Sousa et al. (1997) 
describe the production of the high resolution TM burnt area map. This procedure 
was applied to the fires that occurred in Portugal during the summer of 1991, and 
also to a small number of large fires from Andalucia and Valencia, in Spain. 

For the 1994 image data once the multitemporal registration was solved with a 
reasonable level of accuracy, a radiometric analysis was undertaken in order to 
identify the more sensitive bands for burnt land discrimination. According to the 
conclusions of Pereira et al. (1997), this analysis included original bands 1 and 2, 
as well as derived variables such as NDVI, SAVI, GEMI, linear mixture analysis 
and surface temperature. Several training fields of burnt areas and other relevant 
land covers were extracted from selected 1994 images. Previous cloud masking 
was undertaking, in order to avoid confusions. Average values were computed for 
the whole series of images (31, from June to September). 

Periodic noise introduced in AVHRR images by the orbital drift was very obvi- 
ous. Average values computed from each image (after cloud masking) tend to 
present a cyclical pattern, related to the daily observation geometry. Since the 
NOAA satellite repeats the same observation geometry every 9 days, daily cover¬ 
age from the AVHRR sensor requires a wide scan angle. Consequently, any target 
area is observed from very diverse angles in subsequent days. In principle, the 
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more off-nadir, the noisier the observation. To prevent the use of spurious data, 
AVHRR mosaics were created from acquisition angles lower than 30°. However, 
the effect of this daily drift is clearly observed in the daily average values, which 
will complicate multitemporal comparison between images. 

This tendency towards daily instability of AVHRR values is also clearly ob¬ 
served in the average values of each cover class, especially in the original bands 
(Plate 8.1). Derived indices also present such a daily trend, but the values are less 
noisy (Plate 8.2). Two burnt land classes were included in this analysis: pixels 
burnt in June (at the end of the Spring season), and in July (during the Summer 
season). The latter present a clearer burnt signal. Both classes are not distinguish- 
able from other covers in bands 1, 4 and 5. Band 2 (near infrared) is among the 
original channels, the most sensitive to the burnt signal, which agrees with the 
Tinding of other authors, namely Pereira et al. (1997). Regarding the derived indi¬ 
ces, GEMI permits a clearer Identification of burnt areas than NDVI and SAVI, 
but it also had the lower dynamic range. This is a quite logical fmding, since the 
GEMI is less sensitive to dense vegetation cover than NDVI, and it is more appro- 
priate to discriminate soils and sparsely vegetated areas (Pinty and Verstraete 
1992). 

Since none of the derived indices provided a complete clear separation of burnt 
areas, we decided to create a new index specifically designed for this purpose. 
Folio wing Verstraete and Pinty (1996) this new index tended to minimise the 
distance from a so called “convergence point”, defmed as the extreme spectral 
value of burnt areas in channels 1 and 2. The former was selected because it pro- 
vides a good estimation of background albedo, while the latter is very sensitive to 
burnt areas. Therefore, the Burnt Area Index (BAI) was defmed as foliows: 

BAI =- ^ (1) 

ipCr-pr) +(PCir-Pir) 


where pc^ and pca are the convergence values of red and near infrared bands, 
respectively. Since the BAI is computed as the inverse squared distance from the 
convergence points, the values will tend to be higher when doser to the conver¬ 
gence point, and lower in areas with spectral values far from it. Therefore, the 
values of the convergence point are critical to obtain proper results. The conver¬ 
gence point was defmed based on a previous literature review and analysis of 
AVHRR images from 1991, 1994 and 1995, as 0.1 for pCr and 0.06 for pCir. The 
main problem with AVHRR images refers to the lack of radiometric consistency 
in the temporal series. Consequently, in theory, proper working of the BAI would 
require either daily change of the convergence point, or modification of BAI 
thresholds for burnt areas. 

Once the most appropriate variables for burnt area discrimination were defmed, 
the above mentioned compositing technique based on channel 4 brightness tem¬ 
peratures was applied obtaining two composites: one with the images of July and 
August and the other from August and September images. Afterwards, a thresh- 
olding criteria was applied in order to discriminate between burnt and not burnt 
areas. Most commonly, these thresholds are based on the mean and standard de¬ 
viation, assuming they properly describe each variable’s central tendency and 
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dispersion. For the purposes of burnt land mapping, thresholds were established 
using the mean plus 7 standard deviations, in the case of the BAI, and the mean 
plus 2 standard deviations in the case of channel 2 and GEML As mentioned be- 
fore, the former is more sensitive to burnt areas and provides a much wider range 
than channel 2 or GEML Consequently, the thresholds could be more restrictive to 
avoid commission errors. 

Since burnt pixels are potentially confounded with other land covers, such as 
urban areas, shaded forests, and sparsely vegetated soils (Chuvieco and Congalton 
1988), burnt land mapping was accomplished in two phases. The first one was 
meant to identify bumt pixels within a scorched area, reducing conunission errors 
as much as possible. Once these pixels were targeted using the single thresholding 
methodology described above, the second phase focused on deriving the whole 
area affected by the fire, considering only the neighbourhood of those "core" 
burnt-pixels. To obtain homogeneous regions from starting pixels requires an 
auxiliary variable, from which previously detected pixels can be extended to the 
whole affected area. Obviously, this auxiliary variable should properly enhance 
the spectral signal of burnt areas. As said before, channel 2, GEMI and BAI were 
able to discriminate burnt areas from other covers, but since a large fire includes 
different levels of scorching and mixtures of vegetation and soils, those variables 
presented high variances (and therefore low homogeneity) that precluded the ap- 
plication of region-growing algorithms. Instead, we decided to use spectral mix¬ 
ture analysis (SMA), which as previously mentioned it is a very sensitive tech- 
nique to estimate the proportion of burnt area in each pixel. Since only three bands 
were available, the number of pure classes should be restricted to two, in our case 
healthy and burnt vegetation. Additionally, an error band was derived to measure 
the model fitting. The spectral unmixing of the burnt-land class provided a good 
image of the affected areas (Fig. 8.2 shows this component for the Iberian Penin- 
sula). 

Initially, we planned to use region-growing algorithms to obtain fire perimeters 
from pixels previously discriminated as fires. These techniques only require a 
“seed” pixel (or a set of pixels), from which homogeneous measures are computed 
to include or not surrounding pixels. Those homogeneous measurements would be 
computed from the burnt proportions derived from SMA. 

Unfortunately, the algorithms tested did not work properly. Therefore, we used 
instead a new criterion based on the spectral and spatial distances from the pixels 
previously detected as bumt. This approach is based on the concept of distance 
from the ideal point, commonly used in multicriteria evaluation (MCE) techniques 
(Zeleny 1982). The basis of this method is to establish the coordinates of a point 
that is assumed to be ideally located in a certain measurement space. All other 
points are classified in levels of suitability according to the proximity to the ideal 
point. Conversely, the distance to the anti-ideal point can be computed. In this 
case, the farther the distance, the higher the level of suitability. In our case, the 
coordinates of the ideal point were defmed from pixels previously discriminated 
as burnt areas. The spectral coordinate was the average of affected pixels in the 
bumt component of the SMA, while the spatial coordinate was defmed as the 
minimum distance to those fire-affected pixels (that is zero). Therefore, the dis¬ 
tance to the ideal point {dtp) was defined as: 
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Fig. 8.2. Bumt-land component of the Spectral Mixture Analysis for the Iberian Peninsula. 
August-september 1994. Fire affected areas shown in white. 


= V(INq-INC„)^+DIS,^ . (2) 

where INC/ is the value of the burnt component of SMA for pixel i; INC;;, the 
average value of that component for all the pixels previously discriminated as 
burnt areas; and DIS, the distance of pixel i to the closest pixel discriminated as 
bumt. 

Similarly, the distance to the anti-ideal point (^4,^) was defmed as: 

da<p = 7(INC,-INC„,)H(DIS,-///k)^ , (3) 

where INC;,^ is the average value of the burnt component of the SMA for pixels 
previously discriminated as not affected, and lim indicates a threshold of distance 
from which the likelihood of a pixel being included in any fire perimeter should be 
close to zero. 


8.3.2 

Results 


The multitemporal compositing procedure applied to the 1991 data set (minC2 
maxC4) was quite effective in removing clouds from the imagery, both over 
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land and over the ocean. This is apparent in a red-green-blue (RGB) colour com- 
posite for the whole study area, using AVHRR channels 4, 2, and 1, respectively 
(Plate 8.3). In this image, the green colour represents densely vegetated areas, and 
the red, white, and bluish tones indicate sparsely vegetated areas, with variable 
colour soil backgrounds. Burn scars, barely visible at the scale of the figure, ap- 
pear bright red. A cluster of burns is visible in central Portugal, but the large red 
patch along the Southern bank of the Guadalquivir river in southwestern Spain, 
although spectrally very similar, is unlikely to be a burn, due to its very large size 
and location in a predominantly agricultural area. This example illustrates some of 
the difficulties in bumt area detection and mapping. 

Plate 8.4 shows an RGB colour composite of the Iberian Peninsula, using 
brightness temperature (red), GEMI (green), and albedo (blue). In this composi- 
tion, green is again representative of vegetation, with darker hues for forested 
areas, and brighter hues for irrigated agriculture, especially evident along the Ebro 
and Guadalquivir valleys, in northeastern and southwestern Spain, respectively. 
Sparsely vegetated to bare soils appear in shades of red, orange and purpie. The 
latter colour indicates bright, hot soils, while the purer red hue represents hot, 
darker soils. The cluster of fires in central Portugal is again visible here, as well as 
some very large fu-es along the Mediterranean coast of Spain, all coloured bright 
red. A large dark smoke plume can be seen near the latter cluster of burns, ori¬ 
ented in a southwest-northeast direction. Large patches of landscape spectrally 
similar to burns in this colour composite are again visible throughout Southern 
Spain. 

The classification tree, or set of rules produced by CART through induction 
from training data is represented in Fig. 8.3. Non-terminal nodes are shown as 
white diamonds, and terminal nodes as grey squares. The path down from the root 
node (the one on top), down the tree to a terminal node, specifies a classification 
mle. Class 0 indicates an unburnt pixel, and class I a burnt pixel. Each non¬ 
terminal node contains an Identification of the variable selected for splitting at that 
level, the value of the threshold at which the splitting was performed, and the 
number of pixels affected by that decision. All pixels with values lower or equal to 
the threshold go to the left side of the node, and all others to the right side. GEMI 
was the variable selected to perform the main split, basically segmenting the 
training data set into densely vegetated pixels (GEMI > 0.382), and less vegetated 
pixels. The former are immediately allocated to the unbumt class. The main classi¬ 
fication rule for burnt surfaces is: 

If GEMI <= 0.382 AND Surface Temperature > 312.83 K AND albedo 

<= 0.108 AND albedo <= 0.096 THEN class = I. 

This mle illustrates a feature of CART, which is the ability to use the same 
variable multiple times in the same mle, in this case albedo. If minimisation is 
used as the logical operator to implement set intersection, then the second (lower) 
albedo threshold supersedes the first one. 

Figure 8.4a displays, for Iberia, the results of segmenting the Southern Euro¬ 
pean 1991 dataset with the CART-induced tree. Figures 8.4b and 8.4c zoom in on 
the two areas identified in Fig. 8.4a. In the central Portugal zoom, burn scars (light 
grey) were overlaid with the fire perimeters derived from Landsat TM imagery. 
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Fig. 8.3. Tree-structured rule set produced by CART through induction from 
training data. For the terminal nodes, class 0 codes unbumt pixels, and class 1 bumt 
pixels. 


and reveal a very good match. The large patches in Spain, just east of the border, 
are actual burns, but for which high spatial resolution data were unavailable. 
However, visual inspection of the colour composites clearly indicates that they 
were correctly classified. In the Andalucia zoom, fire perimeter data were avail- 
able only for some of the burns. However, the only area we firmly believe is a 
false alarm is the one on the lower right corner of the window, which belongs to 
the already mentioned dryland farming region south of the Guadalquivir river. In 
the opposite case, of a high resolution fire perimeter that has no corresponding 
burn identified in the segmented image, we believe it may have occurred at a later 
date, since the area appears quite green in both colour composites. 

Classification accuracy statistics, based on a 10-fold cross validation procedure 
(Breiman et al. 1984) are shown in Table 8.1. The accuracy is very high, but one 
must keep in mind that the data were sufficiently prototypical of their respective 
classes to have been selected as potential training candidates, and this is likely to 
inflate accuracy assessment figures (Stehman and Czaplewski 1998). A more 
stringent assessment of burnt area classification accuracy was derived by corre- 
lating the areas of all individual fires larger than 500 ha, as estimated with Landsat 
TM imagery, and with the current AVHRR image classification procedure. Due to 












































Regional-scafe burnt area mapping using NOAA-AVHRR 1 km data 151 



Fig. 8.4. a) Segmentation of the multitemporal composite data for Iberia, using the mies 
of figure 8.3. b) Detail of 8.4a over central Portugal. Fire perimeters deri ved from Land¬ 
sat 5 TM data are overlaid on the areas classified as bumt. No TM data were available 
for the bums in Spain. c) Detail of 8.4a over southem Spain. High resolution fire pe¬ 
rimeter data were not available for all bums. See text for further discussion. 


Table 8.1. Contingency matrix showing classification accuracy statistics for 
the rule-based classification developed with CART ___ 

Predicted Class 




unburnt 

Burnt 

Total 

Omission 






Error 

Actual 

unburnt 

7804 

11 

7815 

0.00141 

Class 

burnt 

3 

131 

134 

0.02239 


Total 

7807 

142 

7949 


Commission Error 

0.00038 

0.07746 




Kappa = 0.95. 


the need for exhaustive fire perimeter data, this was done only for those fires that 
occurred in Portugal, during the summer of 1991. 

Results of a regression between the AVHRR and Landsat TM data are depicted 
in Fig. 8.5. This analysis shows that there exists a very good correlation between 
the two area estimates (r = 0.91) and also that the regression equation is essentially 
unbiased. The slope of the regression equation is very close to 1 and the intercept 
is not significantly different from 0 (p = 0.000). The standard error of the estimate 
is of about eight AVHRR pixels. 

Table 8.2 compares field and AVHRR area estimates for some large fires in 
Spain. Lack of exhaustive high spatial resolution data precludes a more thorough 
and quantitative assessment of classifier performance in Spain, but this informal 
comparison also reveals good agreement. 

As previously mentioned, in 1994 burnt land mapping was undertaken in two 
phases. The first one was focused on discriminating those pixels most likely to 
have been affected by a large fire, and the second one on the accurate delineation 
of burnt areas. Since the former was addressed to reduce commission errors as 
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Table 8.2. Comparison between field estimates and AVHRR/CART esti- 


mates of burnt areas for some large fires in Spain, during the summer of 
1991 


Andalucfa 


Valencia 

Field data (ha) 

AVHRR/ 

Field data 

AVHRR/ 


CART (ha) 

(ha) 

CART (ha) 

5838 

8591 

3550 

3267 

1858 

1936 

15400 

11495 

7222 

8833 

3035 

2420 

1094 

2262 



8387 

9801 



1120 

1573 




much as possible, only the most clearly burnt areas were identified. The second 
phase should complete the mapping of the fire, starting from those “core” pixels. 

For the discrimination phase, several thresholding techniques were applied to 
NDVI, GEMI and BAI images derived from temporal compositing of 15-20 im¬ 
ages taken in July, August and September. As previously mentioned, values of the 
composites were extracted from the day when the maximum temperature of chan- 
nel 4 was registered. The method was calibrated for Spain, where an accurate 
database of large fires was available. Assessment of different methods was per- 



Flg. 8.5. Regression analysis scatterplot, with AVHRR-based fire size estimates shown as 
a function of TM-based size estimates. The dashed line shown is the regression line (y = - 
77.72 + 0.99x). Standard error of the estimate is 986 ha. 
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formed by comparing omission and commission eirors. The former were defmed 
as those large fires not detected from the images, and the latter the percentage of 
pixels classifled as fire that were not actually burnt. Commission errors are more 
difficult to assess, since fire statistics do not include a precise mapping of burnt 
area, but only the location of the 10x10 km grid cell where the fire was detected. 
However, a large fire may obviously affect areas outside a cell and therefore those 
pixels cannot with certainty be discarded from belonging to the fire. 

After the application of the simple thresholding criterion previously commented 
to the BAJ, GEMI and NDVI images, the highest accuracy was found with the 
first index. However, several sources of noise were detected in low vegetated 
areas and water bodies. To avoid the former, the NDVI-MVC image of September 
of the previous year was used to extract only forested regions. Water bodies were 
removed from further analysis by a mask created from the Corine Land Cover 
map. 

Table 8.3 includes the accuracy assessment of applying thresholds to the BAI 
images of Spain for 1994, after applying water and forested mask. As can be no- 
ticed in the table, the method is more reliable as the fire size increases. In total, 
only six large fires were missed, either by poor quality of the images or because 
they burnt early in the fire season (end of Spring) and therefore the burnt signal 
was not strong enough to be discriminated. 

As far as the mapping phase is concerned, the method of multicriteria distances 
was applied. In order to simplify the definition of thresholds, both distances to the 
ideal and anti-ideal point were computed, and a pixel classified as being part of a 
large fire when the former was greater than the latter. The limit of distances for the 
anti-ideal point was set to 15 km, since large fires in Spain in 1994 affected vast 
areas. Lower values would have implied a more precise definition of pixels doser 
to those previously discriminated as being burnt. 

A final map of large fires affecting the Iberian Peninsula in 1994 can be ob- 
served in Fig. 8.6, with provincial limits for Spain overlaid. It is obvious that large 
fires severely affected the Mediterranean regions of Spain and Central Portugal in 
the study period. In 1994 Spain suffered the worst fire season in the decade. A 
total area of 251.438 hectares were burnt in 57 large fires, according to our calcu- 
lations, which do not include the final weeks of August and September. The most 
affected regions are again the Mediterranean areas, especially Valencia, Castellon, 
Barcelona and Murcia. 


8 . 4 . 

Discussion and conciusions 

The approach used to map areas burnt in Iberia during 1991 appears to have 
worked effectively. The new compositing procedure developed for this study 
generated substantially cloud-free images, while simultaneously enhancing the 
burnt areas signal, and avoiding the retention of cloud shadowed pixels. This 
minimises the problems previously mentioned by Cahoon et al. (1994), Barbosa et 
al. (1998), Martin (1998), and Sousa (1998) regarding multitemporal compositing 
of AVHRR imagery for burnt area analyses. 
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Fig. 8.6. Large forest fires in the Iberian Peninsula (1994). 


Table 8.3. Large fires detected by multiple thresholding of B AI images in Spain 
(1994) 


Size class (ha) Fire statistics 

NOAA images 


500- 1,0(X) 

# Fires (A) 

7 

# Fires (B) 

3 

(B/A)* 100 

42.8 

1,000-2,000 

8 

7 

87.5 

2,000-3,000 

4 

3 

75 

3,000-4,000 

2 

2 

100 

>4,000 

14 

14 

100 

TOTAL 

35 

29 

82,8 

Commission errors 
(% pixels improperly identified 
as fires) 

20 



The spectral indices used for classification, selected on the basis of previous 
experience (Martin 1998; Sousa 1998; Pereira 1999) performed well, and the tree- 
structured rule-based classifier developed with the CART algorithm was able to 
identify the distinctive spectral characteristics of recently burnt surfaces. Both 
types of accuracy assessment, the one based on independent training data, and the 
one relying on correlation of areal estimates, yielded very good results. 
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An interesting aspect of the regression analysis is the observation that, below a 
threshold of approximately 2000 ha, there are several fires mapped with the TM 
data that go undetected in the AVHRR image classification, and also quite a few 
false alarms, i.e. areas classified as burnt by the CART-based model, that do not 
correspond to a fire perimeter mapped with the TM. We believe these results indi- 
cate that the detectability threshold for vegetation fires, with AVHRR 1.1 km data, 
in Southern European landscapes, should reside somewhere between about 1,000 
ha and 2,000 ha. This is confirmed by the value of the standard error of the esti- 
mate obtained in the regression analysis. These results are, however, contingent on 
data from a single fire season, and rigorously assessed over only a small part of 
the entire study area. It is important, therefore, to confirm them with further simi- 
lar analyses, which are already in progress. The DEF/ISA team is exploring the 
feasibility of improving the accuracy of the estimates for burns in the lower size 
range, using image fusion techniques to combine AVHRR data with imagery from 
the 180 m spatial resolution Wide Field-of-View sensor (WiFS), installed aboard 
the Indian Remote Sensing satellite (IRS). We are also trying to improve the ro- 
bustness of the classification trees induced from the data, so that they may work 
effectively with various data sets from different dates. This is being attempted 
with classification trees that use fuzzy thresholds, according to the aJgorithm of 
Janikow (1998). 

The methodology applied to the 1994 data set has also produced good results 
for the discrimination of fires larger than 10(X) ha. The proposed BAI can be con- 
sidered a first step towards the formulation of a specific spectral index adapted to 
discrimination of burnt signal. However, it would be of interest to test the per- 
formance of this index in different environments and using other sensors prior to 
establishing a definitive conclusion about its suitability. 
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Abstract. This chapter outlines some of the aspects of the contribution of satellite 
remote sensing, especially when high spatial resolution data are involved, to burnt 
land studies. Some theoretical aspects of the meaning of scale and how it 
influences these studies are also provided. A brief description of the particular 
character of the Mediterranean landscape is given, because it constitutes the 
geographical domain to which this book refers. Finally, a description of some of 
the techniques that have been developed and used in burnt land studies (mainly 
from the Megafires project) is provided. 

9.1 

Introduction 

Wildland fire occurrence is a critical component for various ecosystem types 
spread around the whole world, such as boreal forests, temperate forests, 
Mediterranean ecosystems, grasslands and savannas, vegetation in arid and semi- 
arid regions, tropic and exotic plantations, etc. However, it reacts in different ways 
in each one of them and is also associated with different reasons and effects 
(Chandler et al. 1983). Also, forest fires often constitute a powerful land 
management tool that is used as a short or long-term landscape modifier (Salvador 
and Pons 1995, Pereira et al. 1997). 

In the Mediterranean European Basin, which is partially covered by productive 
and potentially productive forests, sclerophyllus shrublands (Maquis) and 
grasslands, forest fires play a fundamental role. The forests and shrublands, 
especially those growing in low altitudes, where the climate is characterised as 
typical Mediterranean, are well adapted in extreme climatic conditions, such as 
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droughts (Karteris 1995). The particular characteristics of the Mediterranean-type 
vegetation, which has been formed through long adaptation mechanisms under 
these conditions (i.e. fire-dependent ecosystems, flammable vegetation types), 
plus the Mediterranean-type climate characterised by strong winds and prolonged 
dry sunmiers, favour fire occurrence and spread. In the Mediterranean Basin, 
forest wildland fires constitute a major ecological process, which have a profound 
influence on the natural cycle of vegetation succession and on the ecosystem’s 
structure and function (Koutsias and Karteris 1998a). Forest fires may exert a 
positive or negative influence upon ecosystem dynamism depending on the 
particular characteristics of fire occurrence such as intensity, type, periodicity etc. 
However, the high number of forest fires occurring every year and over the same 
areas, which in turn amounts to thousands hectares of burnt laad in the 
Mediterranean Basin, constitutes a real threat to natural ecosystems. 

The economic, social, ecological, atmospheric and climatic consequences 
associated with fire activity denote not only the magnitude of the problem, but 
also impose the development of a comprehensive information system including 
advanced and powerful monitoring processes. Inventory of the areas affected by 
wildland fires, as regards their accurate location and mapping of the ignition 
points and the scorched perimeter, as well as the species affected and severity of 
damage, is important in order to estimate the economic losses, assess the 
ecological disturbances, map the land cover/use changes and estimate short and 
long-term post-fire consequences. The latter include the study of further 
deterioration of burnt land due to soil erosion and desertification processes, and 
also the assessment of the atmospheric and climatic impacts on local and global 
scales (Martin et al. 1994, Karteris 1995, Pereira et al. 1997). On the other hånd, 
the establishment of a rational management plan in order to protect and restore, 
naturally or artificially, the areas affected by wildland fires to the pre-fire 
situation, presupposes their accurate location and mapping (Koutsias and Karteris 
1998b). 

A critical issue which affects fire management is associated with the lack of 
appropriate statistics in geographic and measurement scales that allow detailed 
description of fire incidence (Martin et al. 1994). A well-structured decision- 
making system for the rational management of forest fires requires a complete, 
detailed and accurate spatial database of burnt areas. Moreover, appropriate 
statistics on fire incidence on a permanent basis will help fire managers to better 
understand the fire problem including the reasons for fire occurrence and 
spreading (Koutsias and Karteris 1998a). On the other hånd, the estimation of 
these statistics should be accomplished by using effective, quick and accurate 
methods, which will ensure an appropriate inventory and assessment system. 

Satellite remote sensing could effectively be involved in burnt land mapping, 
since it pro vides the necessary means for gathering information of the Earth’s 
surface in a less expensive and timely fashion. Periodic spectral data in the visible 
and infrared part of the electromagnetic Spectrum, of high spatial resolution, 
acquired from remote satellite sensors, offer an unlimited basic source of 
information. Actually these data by appropriate computer assisted processing and 
interpretation can contribute to a better, cost-effective, objective and time saving 
method for monitoring and mapping areas affected by wildland fires. 
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9.2 

Scale issues in burnt land mapping 

The sense of scale is a critical component for all studies involved in the spatial 
or geographic domain. Inventory, analysis and rendering of phenomena which 
occur in the geographic or temporal space comprise the concept of scale as a 
fundamental component, which determines and/or is determined by the approach 
level of the phenomenon itself. Scale, which may refer to either the spatial or 
temporal dimension of the event studied, lends particular characteristics of the 
methodological approach followed and the expected results as well. For reliable, 
or even feasible, conclusions about the behaviour of any phenomenon, the study of 
the phenomenon itself should be carried out within a range of scales (spatial or 
temporal) that allow accurate observation and function. Minimum and maximum 
values define this range and determine the operational scale. Outside this range the 
phenomenon is not observable, while within it, the level of scales determines the 
degree and the accuracy of the study. 

Lam and Quatrochi (1992) considered that the term scale has a variety of 
meanings depending on the context used. It may refer either to space (spatial 
scale) or to time (temporal scale) as well as to a combination of both (spatio- 
temporal scale). Actually, inside each of these three different aspects of scale, 
there are different connotations depending on the particular characteristics to 
which the scale refers. According to Bian (1997), Lam and Quatrochi 
distinguished the spatial scale into four connotations: cartographic, geographic, 
operational and resolution, although the concept of resolution was considered to 
be closely related to the others. Moreover, Cao and Lam (1997) used the term 
“measurement”, instead of resolution, to define the fourth connotation. For burnt 
land mapping, the classification proposed by Cao and Lam (1997) was adopted 
and the above four meanings are further discussed and examined. 

The first, cartographic or map scale, is the traditional meaning of scale refering 
to the scale of cartographic or map products and it is estimated by the ratio of a 
distance in map units to the corresponding distance on the ground. A large-scale 
map may depict a small burnt area and consequently gives more detailed 
information about it (Plate 9.1). When the purpose of the cartographic product is 
to depict detailed information about the characteristics, spatial and descriptive, of 
a burnt area, then it presupposes a large cartographic or map scale. On the other 
hånd, in a map which aims to depict the spatial distribution of forest fires, in order 
to explore the spatial pattern on a national or regional level, a small-scale map is 
more appropriate. 

The second, geographic or observational scale, is used in the context of the 
spatial extent of the occurrence of the phenomenon studied. A large geographic 
scale map depicts a large geographic area to which burnt land mapping may refer 
(Plate 9.1). It is associated and determines mainly what methods and tools are 
more appropriate to be used for the monitoring and mapping of burnt areas. If the 
geographic scale refers to a national or regional scale, remote sensing may be 
more suitable than field survey. 

The third, operational scale, which is used in the context of the operational 
space, denotes the hierarchical level at which a phenomenon occurs. Study of 
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post-fire consequences on a tree level are quite different from those on the forest 
or landscape level, since landscape operates at a larger scale than the forest and 
the forest operates at a larger scale than a single tree (Plate 9.1). Depending on the 
aim of the study, an appropriate scale will ensure its success. 

Finally the fourth connotation, measurement scale, which refers to the spatial 
resolution related to the size of the smallest discrete distinguishable object, reflects 
the degree of detail and is directly associated with remote sensing studies (Plate 
9.1). For some cases, in remote sensing applications, the actual resolution could be 
smaller or larger than the theoretical one given by the operational characteristics 
of the sensor, depending on the spatial arrangement of the objects. High geometric 
resolution gives more detailed information. Large-coverage studies, such as those 
referring to a regional or national level, utilise coarse resolution satellite data. In 
doing so, they assure their feasibility as regards the cost of data acquisition and 
storage and processing requirements (Lam and Quattrochi 1992, Bian 1997, Cao 
and Lam 1997, Goodchild and Quattrochi 1997). 

All the above mentioned connotations of spatial scale are closely related, as 
each of them has a direct or indirect impact on the other. Thus, in remote sensing 
studies a measurement scale of 1100 m, which may correspond to NOAA- 
AVHRR data, determines also the cartographic, geographic and operational scale 
of the study. This coarse resolution of the satellite data usually corresponds to 
projects referring to Continental, regional or national levels, since they are 
associated with small cartographic scales and large geographic and operational 
scales. Instead, a measurement scale of 30 m which may arise from satellite data 
of Landsat Thematic Mapper (TM) corresponds to detailed cartographic scales and 
small geographic and operational scales and in general refers to the local level. 

Closely related to the above four connotations of the spatial scale is cost, 
another critical component which, in many cases, prohibits the use of such studies. 
Detailed data, which cover large-scale studies, are expensive both to collect and to 
process. As a general rule, a balance between detail, accuracy, feasibility and cost 
makes the application of such studies possible. 

9.3 

Operational burnt land mapping in Mediterranean 
landscapes 

9.3.1 

Structure of the Mediterranean landscape 

One of the most particular characteristics of vegetation conmiunities and 
landscape structure in the Mediterranean Basin is the high diversity and 
heterogeneity, in terms of the spatial distribution and arrangement of the abiotic, 
biotic, floristic and ecological components. Giving a short description. Forman 
and Gordon (1986) suggested that the Mediterranean landscape is composed of a 
“mixture of large, small, distinet and indistinet patches” (Plate 9.2). This complex 
spatial nature of the Mediterranean landscape raises a number of questions 
associated with the optimum scale of measurements that must be made to 
represent accurately, in the spatial domain, the phenomenon under study. 
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On the other hånd, the irregular terrain relief found across the Mediterranean 
Basin, with high elevations and steep slopes, acts as another source of distortion in 
the quality of the spectral information provided by satellite sensors (Plate 9.2). 
Projects carried out in mountainous areas with irregular relief reported difficulties 
in discriminating burnt from unburnt land located in shadowed areas (Tanaka et al. 
1983, Milne 1986, Chuvieco and Congalton 1988). 

The defragmented landscape pattern constitutes the weak point of the applied 
remote sensing, because the huge amount of interchanges in the landscape form 
and its complexity make the interpretation and processing of the satellite data 
difficult. This special kind of pattern, compared to the technical characteristics of 
remotely sensed data, affects the minimum mapping unit, which defmes the 
smallest distinguishable object to identify and analyse (Goodchild and Quattrochi 
1997). Especially in cases when the sensor geometric resolution is coarse, the 
quality and potential discriminator ability of the spectral information are limited. 

As has already been mentioned, the four connotations of spatial scale which are 
directly associated with remote sensing studies determine three critical concepts in 
operational burnt land mapping; accuracy, cost and feasibility. Accuracy and cost 
are two interdependent issues, which determine the feasibility of burnt land 
mapping in an operational fashion. The achievement of high accuracies requires 
detailed data of high geometric resolution, which are expensive to collect and 
analyse. On the other hånd, given the geographic extent of the study area, which 
may be on a national level, it is obvious that there is a certain limit that geometric 
resolution cannot exceed. This minimum geometric resolution depends on the 
limitations of the data storage, manipulation and cost. However, this cannot be 
clearly defined. Finally, it has been demonstrated that even small differences in 
geometric resolution have a significant impact on the estimated landscape 
parameters (Gluck and Rempel 1995). 

9,3.2 

Methodological approaches for burnt land mapping 

Basically, three major methodological approaches can be distinguished 
depending on the tools available to identify and map the burnt areas, as well as on 
the scale of measurement. The first, referred to as a micro-scale approach, is based 
on field surveys and on-site human-made observations (Fig. 9.1). This is a time- 
consuming, expensive but highly accurate method, although the feasibility of its 
being included in an operational national burnt land-mapping project is limited. 
The recorded observations in the spatial domain, due to time and cost limitations, 
cover only some general statistics and usually only information about the scorched 
perimeter is provided (Martin et al. 1994). The high accuracy, combined with the 
elevated cost and time requirements, makes this method suitable only in very 
specific (local) situations, in which the measurement scale (resolution, detail) is 
more significant than the geographic scale (extent of the study area). 
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Fig. 9.1. Three major methodological approaches can be distinguished depending on the 
available tools used to identify and map the bumt areas, as well as on the level of meas- 
urement scale; field survey, aerial photography and satellite technology. 


The second method, which is referred to as a meso-scale approach, employs the 
use of b/w, colour or infrared aerial photography of an approximate scale ranging 
from 1:5,000 to 1:50,000 (Fig. 9.1). Aerial photography, a pioneer remote sensing 
source of data, provides information in relatively high measurement and 
observational scales, which, it should be mentioned, are not free of errors. 
According to Ambrosia et al. (1998), aerial photography as a remote sensing 
source of data was employed quite early in forest fire assessment to map fire 
damage (Arnold 1951) and to estimate forest losses due to fire and diseases 
(Johnson and Thomas 1951). Although aerial photography offers the possibility to 
cover larger geographical areas than human-made measurements and to process 
data and extract the desired information at less cost, its use in an operational 
national burnt land mapping project still remains limited. On the other hånd, a 
well-trained and experienced personnel is required to assure reliable and 
independent use, since it relies mainly on subjective qualitative criteria. 

Finally, the third method, which is referred to as the macro-scale approach, uses 
remotely sensed data acquired by various satellite systems in measurement scales 
usually ranging from 10 to 1100 meters (Fig 9.1). Given the large geographic 
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extent over which a burnt land mapping project may operate, it is clear that remote 
sensing provides an ideal means of gathering the required information. 

Satellite remote sensing gives the possibility to acquire data on the Earth’s 
surface even in areas with limited accessibility and on a regular and permanent 
basis. According to Caetano et al. (1994), the potentiality of the involvement of 
satellite remote sensing technology in burnt land mapping is defmed by: 

• the acquisition of data that present different spectral reflectance character- 
istics between burnt and unbumt healthy vegetation (Tanaka et al. 1983), 
especially in the infrarød part of the electromagnetic Spectrum; 

• the effectiveness of the cost/benefit ratio compared to field measurements 
or aerial photography, especially in cases of large geographic extent (Lauer 
and Krumpe 1973); 

• the periodical acquisition of the required information (Lee et al. 1977) 
combined with the synoptic view and the low required time for data acqui¬ 
sition, and 

• the digital form of the data with all the accompanying ad vantages, such as 
speed and objectivity of data processing (Richards 1996). 

Remote sensing studies for burnt land mapping have been conducted using 
satellite data of either high-resolution sensors, such as Landsat MSS or TM, SPOT 
etc. or low resolution, such as NOAA-AVHRR (see Chap. 8). 

Although a large number of different methodologies have been developed, 
there is no standard classification procedure applied to remotely sensed data for 
identification and mapping of burnt areas. They vary according to the specific 
characteristics of the case study (Karteris 1995), although the spectral, spatial or 
temporal resolution of the satellite data also determines the type of method used 
(Pereira et al. 1997). 

Although satellite remote sensing provides an advantageous methodological 
approach to identify, map and monitor the burnt areas compared to other 
traditional ones, it is not free of errors. Projects carried out under various 
environmental conditions using different satellite data and techniques reported 
some confusion between burnt land and other land cover/use categories. There is 
common agreement among scientists that these problems may be summarised as 
follows (Chuvieco and Congalton 1988, Caetano et al. 1994, Karteris 1995, 
Pereira et al. 1997): 

• Confusion between burnt land and water bodies (Tanaka 1983, Chuvieco 
and Congalton 1988, Pereira and Setzer 1993, Lombrana 1995). These 
studies associate the problem of discriminating between burnt land and 
water bodies with a different source of confusion. Among them, topo- 
graphically shadowed areas, recently burnt surfaces, mixed land-water and 
water-vegetation pixels are some examples where spectral similarities re- 
sponsible for the confusion have been noticed (Pereira et al. 1997). 

• Confusion between burnt land and urban areas (Tanaka 1983, Chuvieco 
and Congalton 1988, Lombrana 1995). It has been found that spectral 
similarities occur between artificial surfaces and burnt surfaces composed 
of a mixture of charcoal and exposed soil characteristics, although they can 
be eliminated by masking out these well-defmed urban areas (Pereira et al. 
1997). 
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• Confusion between burnt land and shadows (Milne 1986, Chuvieco and 
Congalton 1988). Shadowed areas, æcurring as a result either of the ir- 
regular terrain found especially in mountainous areas or from clouds, are 
responsible for the incorrect classification of burnt surfaces. Successful ef- 
forts to eliminate this confusion include the application of a multitemporal 
principal component analysis (Pereira et al. 1997) or the use of spectral 
mixture analysis (Caetano et al. 1994). A recent work, using the Intensity- 
Hue-Saturation transformation of a three-channel composite of Landsat-5 
Thematic Mapper, also proved useful (Koutsias et al. 1998). 

• Confusion between slightly burnt land and unburnt vegetation (Lee et al. 
1977, Benson and Briggs 1978, Minick and Shain 1981, Milne 1986). This 
source of confusion is associated mainly with the problem of mixed pixels. 
Caetano et al. (1994) stated that many intermediate combinations of burnt, 
unburnt and soil proportions can be found between totally burnt and un¬ 
burnt pixels. 


9.3.3 

Advantages of using high resolution sensors 

In most European countries, operational inventory of forest fires and their 
consequences is accomplished by methods mainly based on field surveys. 
Although they ensure highly accurate measurements, usually they are not able to 
provide detailed descriptions about the fire characteristics in the spatial domain 
due to high cost and time requirements. As a result, fire inventories cover only 
some general statistics of fire incidence in coarse spatial resolution that do not 
allow the detailed evaluation of their consequences (Martin et al. 1994, Chuvieco 
1995). From a fire management perspective, the lack of these detailed descriptions 
constitutes a weak point, which has a significant influence on the post-fire 
management strategies. The assessment of vegetation recovery, of deterioration 
through the desertification process and soil erosion, of short or long-term 
consequences on the fauna and flora dynamics and on the local bioclimate, etc., 
are a few examples which show the importance of these detailed fire inventories 
(Isaacson et al. 1982, Martin et al. 1994, Chuvieco 1995, Karteris 1995, Pereira et 
al. 1997). Some of these problems and limitations can be partially overcome by 
the use of remote sensing technology, especially when high spatial resolution 
satellite data, such as those acquired from Landsat TM, are involved. In addition, a 
critical component, which imposes the use of high resolution sensors, is associated 
with some particular features which characterise most European Mediterranean 
countries, such as forest structure, fire characteristics, level of scale measurements 
etc. 

As regards the first factor, the complicated and defragmented structure of 
Mediterranean natural ecosystems, as already mentioned, does not allow their 
proper understanding and description by low-scale measurements. Instead, finer 
resolutions may be more convenient. However, it should be kept in mind that there 
is a certain minimum that cannot be exceeded, first because this will not ensure its 
operational feasibility and second because very fine resolutions do not allow the 
study of some phenomena which occur at larger operational scales. Chuvieco 
(1995) mentioned two reasons associated with the Mediterranean landscape 
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structure, in order to explain why a more detailed evaluation of burnt areas is 
needed. The first refers to the spatial distribution and the pattern of forest 
resources, which are scarcer, especially when the recreational role of the forests is 
considered. The second refers to the close spatial integration of the forested and 
agricultural land, which makes burnt land estimation difficult. 

Regarding the second aspect, forest fires in the Mediterranean Basin play a very 
specific role for two reasons: first, as a natural phenomenon associated with the 
continuous existence of certain vegetation types such as fire-dependent 
ecosystems (Chandler et al. 1983); second, as a land management tool utilised in 
agricultural and livestock practices for converting forested land into other types 
(Pereira et al. 1997). However, regardless of reason and purpose, the majority of 
forest fires in the Mediterranean result from human activities, while natural 
causes, such as lightning, make only a minor contribution. This particular 
character of Mediterranean forest fires, especially when they are used as a short or 
long-term landscape modifier, requires a detailed and accurate assessment of their 
characteristics to assure a better understanding of the problem and also to improve 
the protective action. 

Finally, regarding the third feature, it should be noticed that the range of scale 
measurements within which a specific phenomenon occurs also determines the 
corresponding means to examine this phenomenon. Given a paradigm in the 
Mediterranean Basin, where forest fires are generally small, the monitoring tools 
could not be the same as those used to study large fires such as those occurring in 
Yellowstone Park in 1988, which burnt about 3300 km^. This area, which equals 
2.5% of the whole of Greece corresponds to 12.3% of the total forested land. In 
comparison, the total burnt land in Greece in 1988, one of the most destructive 
years in the past decade, was about 1100 km^. 

Among the advantages of using satellite data of high spatial resolution we can 
distinguish the following: 

• Improved estimated overall accuracy of both fire perimeter and fire scar 
mapping. This is mainly associated with the development of an accurate 
and detailed database of fire statistics. 

• Improved discrimination ability to distinguish and map unburnt areas 
within the fire perimeter. This is mainly associated with the post-fire land¬ 
scape modification in terms of its spatial structure and pattern. 

• Improved assessment of fire intensities and levels of vegetation damage. 
This is mainly associated with the assessment of long-term landscape con- 
sequences, such as vegetation recovery and further deterioration due to soil 
erosion. 

• Improved discrimination ability to map the species affected. This is mainly 
associated with the assessment of the ecological consequences and the 
vegetation succession and recovery. 

9.4 

Techniques for burnt land mapping 

The scope of this section is to outline some of the technical aspects of burnt 
land mapping with remote sensing technology and to give a general description of 
some of the techniques that have been developed and applied on a local scale. For 
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the better understanding and presentation of those techniques, a case study from a 
large forest fire which occurred in Attica, Greece, in the surroundings of Lake 
Marathon, and burnt about 5500 ha, was considered. A multitemporal data set 
consisting of the pre- and post-fire satellite image (Plate 9.3) of Landsat-5 
Thematic Mapper, was used to further explore these techniques. 

9 . 4.1 

OverView 

So far, several kinds of image classification techniques have been developed 
and applied to detect and map the burnt areas. They range from simple ones such 
as Visual interpretation and single channel density, to more complex such as 
principal component and spectral mixture analysis. However, the detection and 
mapping of burnt land remains somewhat problematic, because their spectral 
response presents a diverse and complex pattern in the spatial and temporal 
domain (Pereira et al. 1997). 

Two critical aspects associated with fire occurrence determine the spectral 
behaviour of burnt areas: the deposition of charcoal as direct result of the burning, 
and the removal of vegetation. This second aspect may also be caused by other 
factors besides forest fires, such as cutting, grazing, water stress, diseases, etc. (see 
Chap. 7). From the Landsat images analysed in this section, a strong decrease in 
reflectance in the near-infrared band (TM4) is obvious, and a clear increase in the 
mid-infrared region (TM7). Finally, a superior performance of the infrared region 
of the Spectrum over the visible (Fig. 9.2), for distinguishing burnt areas, is 
observed, because of the minor modification of the spectral response of the burnt 
areas in the visible channels compared to the pre-fire situation (Koutsias et al. 
1998). 

Although a large number of methods and techniques have been developed and 
used in burnt land mapping, there is no standard procedure which assures its 
successful application under a wide range of conditions. Procedures vary 
according to some specific characteristics, such as: 

• The particular characteristics of the fire itself such as type, size, pattern, 
etc., which determine what kind of satellite data are more appropriate to be 
used in terms of spatial and spectral resolution. 

• The particular geophysical and eco-climatic conditions of the broad area 
around fire extent, such as the affected species, the terrain characteristics, 
the other land cover/use categories, the vegetation type dominating in the 
area, etc. 

• The available satellite data such as multitemporal or single post-fire data 
sets, type of sensor used in respect to spectral, spatial and radiometric 
resolution, etc. 

• The specific objectives of the study, such as the outline only of the scorch 
perimeter, the detailed mapping of the affected area, the mapping of the 
levels of vegetation damage, etc. which in turn determine what kind of sat¬ 
ellite data are more appropriate to be used. 

The methods and techniques developed and used for burnt land mapping, 
depending on some particular characteristics, can be discriminated according to 
different criteria: first, regarding the number of images: use of multitemporal 
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Fig. 9.2. Histogram data plot of a random sample taken from a bumt surface. The histo¬ 
gram data appearing in black corresponds to the pre-fire image, while the gray one corre- 
sponds to the post-fire image. It is evident that among spectral channels of Landsat TM, 
TM4 and TM7 offer the highest discriminator ability to distinguish the bumt surfaces from 
the other land cover/use categories. 


satellite data or a single post-fire image; second, considering if direct estimation of 
the burnt land is pursued or the techniques are applied just as an enhancement 
technique; and third, according to what type of training, supervised or 
unsupervised, is performed. 

The first group of techniques is based on whether multitemporal or single post- 
fire satellite data are used. If a multitemporal data set is utilised, then the method 
is used in the context of the change detection approaches. On the other hånd, if 
only a single post-fire satellite image is utilised, then the method relies mainly on 
the spectral behaviour of the burnt areas compared to the other land cover/use 
categories present in the study area. It has been demonstrated that the methods 
which utilise a multitemporal data set are more effective than those that utilise 
only a single post-fire image, since the former minimise the confusion between 
some permanent land cover types that present a similar spectral behaviour (Pereira 
et al. 1997). However, single post-fu*e methods present a superior performance 
over the multitemporal ones in the context of cost and time requirements needed 
for the acquisition and processing of the multitemporal data set. One of the most 
critical issues in the multitemporal approach concerns the radiometric and 
geometric adjustments which should be done in order to assure the spatial and 
spectral matching of the images used. Misregistration of both the radiometric and 
the geometric dimension, may produce unpredictable errors which in turn may 
result either under or over-estimation of the burnt areas. This of course depends on 
other parameters such as the size, patchiness, etc. of the burnt areas. 

The second group of techniques is bacsed on whether the output of the technique 
is the mapping of the burnt areas or a spectrally enhanced intermediate data set 
which needs further, although simple, processing. In remote sensing applications. 
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especially those that utilise a multidimensional character data set, such as in the 
case of Landsat-5 TM, multivariate statistical methods are widely applied to 
extract the desired information. These methods, especially those dealing with the 
reduction of dimensionality, such as principal component analysis, vegetation 
indices, etc., aim to separate the spectral information distributed in the original 
spectral channels into a few new components which are more interpretable. If the 
reduction of the dimensionality and separation of the information is accomplished 
successfully, then by applying further simple processing, such as thresholding, the 
desired information can be easily achieved (Koutsias et al. 1998). 

Finally, the third group of techniques is based on whether the method employs 
a supervised procedure, such as a maximum likelihood classifier, or a semi- or 
fully automated classification. Several methods which utilise both multitemporal 
or single post-fire satellite data require a thorough knowledge of the spectral 
properties of the objects. Many of the techniques employed in burnt land mapping 
require a careful and detailed definition of the training areas on the satellite 
images. The extracted spectral signatures from these training areas are then used 
to train the classifier or alternatively to build a model. 

9 . 4.2 

Description of the techniques 


9A.2.1 

Principal component analysis 

Theoretical aspects. Principal component analysis (PCA), a well-known 
dimensionality reduction technique, has been extensively applied in remote 
sensing studies. It produces a new uncorrelated data set, where the first component 
contains most of the original data variance, while the succeeding ones contain 
decreasing proportions of data variation (Richards 1984). PCA is an appropriate 
technique to explain the variance-covariance structure of an initial set of variables 
by the construction of new components, which are linear composites of the 
original ones. The primary goal of the analysis is the reduction of the 
dimensionality of a data set and the removal of the correlation among the variables 
(Sharma 1996, Johnson and Wichern 1998). Both of these issues are further 
associated with improvement in data interpretability and the enhancement of some 
particular structures distributed in the original data set. A fundamental issue 
involved in PCA is the presence of correlation among the initial variables, such as 
those of Thematic Mapper, which reflects the repetition of the information. The 
principal component aims to produce a new data set, through a linear algebraic 
expression of the initial variables, to minimise the correlation and associate the 
variance of the data with the new first components. Under this aspect, PCA is 
applied in change detection analysis, to produce a new enhanced data set, where 
the variance associated with permanent landscape features is accumulated in the 
higher order components, while that of the changed features is emphasised in the 
lower ones (Fig. 9.3). For the computation of the principal component three steps 
are involved. The first is the derivation of the covariance matrix (non-standardised 
PCA) or the correlation matrix (standardised PCA), the second is the estimation of 
the eigenvectors and the third is the linear transformation of the original data set 
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(Richards 1986). The values of the covariance or the correlation matrix can be 
derived either from the total study area or from a subset. In this sense, PCA is 
considered to be a scene-dependent technique, which requires very careful 
appraisal (Fung and LeDrew 1987). 

Case studies. In burnt land mapping, PCA has been applied in the context of 
change detection using a multitemporal data set consisting usually of pre- and 
post-fire satellite images (Richards 1984, Milne 1986, Pereira 1992, Martin et al. 
1994). There are also applications of single post-fire images (Tanaka et al. 1983) 
or a selected subsequence of the spectral channels (Richards 1984, Pereira 1992, 
Siljestrom and Moreno 1995). Since the burnt surface is considered to be a non- 
stable area when referred to the multitemporal context, it is expected to be found 
on the secondary components deducted from PCA, usually on the third or the 
fourth (Fig 9.3). 

Concluding remarks. The reduction of the dimensionality achieved by the 
principal component transformation has been proved very useful in delineating the 
spectral information of the areas that have changed in time, such as those affected 
by wildland fires (Siljestrom and Moreno 1995). As principal component analysis 
is considered to be a scene-dependent technique, its performance, especially when 
used in the framework of change detection, is influenced by some factors which 
characterize the local scene. Richards (1984) stated that the sub-scene, which 
includes the changed region, should also include a substantial region of relatively 
no change, to ensure that the first components are associated with the variance 
found on stationary cover types. 

9A.2.2 

Spectral mixture analysis 

Theoretical aspects. The reflected energy recorded by the satellite sensors 
operating in certain spatial resolutions is the result of the interactions between the 
incident solar radiation and the various sub-objects found at the pixel level, 
influenced also by some other factors such as the presence of atmosphere, etc. As 
a result, the reflectance values of the pixels are composed of a mixture of various 
sub-homogeneous reflectances rather than of a totally pure one. Even when the 
earth surface is captured at finer spatial resolutions, the reflected energy is still a 
mixture of smaller components with differing spectral behaviour although the 
mixture is not so extended. 
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Fig. 9.3. Principal components of the post-fire satellite image (Plate 9.3). The variance 
associated with peraianent landscape features, which occupy a large sub-scene of the 
satellite image, is accumulated in the first and second components, while that of changed 
features, such as the bumt surfaces, is emphasised in the third component. The last com¬ 
ponents consist mainly of noise. 


Under this aspect, spectral mixture analysis (also known as spectral unmixing) 
has been developed and used in remote sensing studies to address the problem of 






Burnt land mapping at local scale 171 


mixed pixels. Its basic assumption is that the spectral variability found on the 
satellite image at the pixel level is the result of the mixture of smaller components 
with differing spectral behaviour (Adams et al. 1986, Caetano et al. 1994). 
Spectral mixture analysis, actually, aims to extract pure spectral signatures from 
such complex structures occurring at the pixel level and express them in 
concentrations of reference endmembers (Ustin et al. 1993, Pereira et al. 1997). In 
particular, the output of the analysis is a fraction image for each endmember for 
which the error associated with the estimations is also provided. The 
implementation of the method necessitates three steps; model budding, model 
fitting and fraction image editing. Model budding and fitting, which are two 
interrelated issues, include the assessment of the endmembers and the way in 
which they internet to estimate the pixel fractions (Caetano et al. 1994). 

Case studies, Spectral mixture analysis has been applied quite successfully for 
burnt land studies using Landsat TM imagery (Caetano et al. 1994) and NOAA- 
AVHRR data (Caetano et al. 1996). In the former, a spectral mixing model was 
developed for both burnt land and fire severity mapping, which converts the 
radiance of the TM channels into proportions of soil, unburnt and burnt vegetation 
at a sub-pixel level. The study area, which was located in a mountainous area in 
central Portugal, gave the chance to explore the potentiality of the technique and 
to address some common problems found in Mediterranean-type landscapes 
(Caetano et al. 1994). 

Concluding remarks, According to Caetano et al. (1994), spectral mixture 
analysis can contribute to solving some problems occurring when techniques such 
as statistical classification, band ratioing, etc. are involved in burnt land mapping. 
Among them we can distinguish reduction in topographic effeets, since shade can 
be considered as an endmember, and the overcoming of the mixed pixel problems. 


9A.2,3 

Logistic regression modeiiing 

Theoretical aspects. To predict a dependent response variable from a set of 
independent explanatory measurements or to classify individuals into a group of 
two or more categories, various multivariate methods can be applied, although 
they presuppose the validity of a certain set of assumptions, among which the 
assumption of univariate and multivariate normality is the most frequent. It is 
violated when the dependent or the independent measurements is a mixture of 
categorical and continuous variables. Logistic regression, a method developed and 
used in survival analysis where the dependent response variable is binary 
dichotomous, can be applied as an alternative classification method when neither 
the multivariate normality is assumed nor the independent measurements consist 
only of continuous scalar variables (Afifi and Clark 1990, Norusis 1990, 
Mendenhall and Sincich 1996). The logistic model, which associates a dependent 
response variable with a set of independent explanatory variables, may be adapted 
for burnt land mapping using remote sensing data following (Mendenhall and 
Sincich 1996): 
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( 1 ) 


or equivalent (Afifi and Clark 1990): 


E{y) = 


1 


( 2 ) 


1 + exp[—(fto + b\X\ + biXi +... + bkXk)\ 


where: 


j = 1 if the pixel is burnt or j = 0 if the pixel is not burnt 

E(y) = P(pixel is burnt) = • 

Xi, X 2 , ... , Xk : radiometric reflectances or any other multispectral 
transformation of the Ist, 2nd, ..., kth spectral channel 

bj, b^, ... ,b^: estimated coefficients of the model 

The curve which results from the logistic regression equation has two 
asymptotes; a minimum at the value 0 and a maximum at the value 1 (Fig. 9.4). 
Thus the probability estimates always range between 0 and 1, which forms a 
realistic probability surface (Narumalani et al. 1997). 

Actually, the intermediate values, in respect to burnt land mapping, reflect the 
probability based on which a candidate pixel belongs to the burnt category. The 
nature of the topic of burnt land mapping fits with the particular objectives of the 
logistic regression modelling, since the dependent variable can be expressed in a 
dichotomous way, that is, a candidate pixel to be burnt or unburnt. For this, a 
dummy or indicator variable E is created which takes the value 1 if the respondent 
is burnt or 0 if the respondent is unburnt. The independent explanatory 
measurements can be either the radiometric values of the original spectral 
channels or they can be transformed values arising from multispectral 
transformations such as vegetation indices, principal components, etc. The 
criterion used to classify an individual candidate pixel into one of the two 
mentioned dependent observations depends on the value of E(y). In a general 
form, when E(y) is larger than 0.5, then the individual pixel is classified as burnt, 
otherwise as unburnt; however, intermediate values of E(y) may indicate discrete 
levels of burning degree (Fig. 9.5). The latter is useful when a more detailed 
mapping of the burnt land is assumed, such as in the case of mapping the levels of 
vegetation damage. 

To assure the successful development of the logistic regression model a certain 
set of prerequisites for the sampling process should be provided (Koutsias and 
Karteris 1998a, 1998b). These are the following: 

• Accurate location of the sampling areas especially those of burnt cases on 
the satellite images used. 

• Similar sampling size of the burnt and unburnt observations, to avoid bias 
in the estimation of the model coefficients. 
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Fig. 9.4. The curve which results from the logistic regression equation has two asymptotes; 
a minimum at the value 0 and a maximum at the value 1. Thus, the probability estimates 
always range between 0 and 1, which forms a realistic probability surface. 


• A satisfactory absolute sampling size for both cases, to assure the repre¬ 
sentative sampling and to cover all the variability found on the satellite im¬ 
ages within and outside the bumt areas. 

Case studies. Logistic regression modelling has been successfully applied in burnt 
land mapping using a multitemporal data set (Koutsias and Karteris 1998a), as 
well as using a single post-fire image (Koutsias and Karteris 1998b), both 
acquired from Landsat-5 TM (Plate 9.3). The overall maximum accuracy achieved 
after the application of the models was 97.62% and 97.37%, respectively, 
indicating the high performance of the methods. It should be noticed that the post- 
fire satellite image used was acquired a few days after the fire. Moreover, these 
two studies explored the usefulness of logistic regression modelling in assessing 
the overall discriminator ability offered by each spectral channel of Landsat-5 TM. 

Concluding remarks. Logistic regression modelling, applied as an alternative 
classification technique, proved to be very useful in burnt land mapping, since the 
classification target could be expressed in a dichotomous way, that is as a 
candidate pixel to be burnt or unburnt. These studies demonstrated also the 
usefulness of the technique in assessing the spectral information content and the 
potential discriminator ability offered by each spectral channel of Thematic 
Mapper in burnt area mapping. 
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Fig. 9.5. The intermediate estimators, in respect to burnt land mapping, reflect the probability 
based on which a candidate pixel belongs to the bumt category. Moreover, these intermediate 
values may indicate discrete levels of buming degree. 


9.4.2.4 

Intensity-Hue-Saturation transformation 

Theoretical aspects. Red-Green-Blue (RGB) and Intensity-Hue-Saturation (IHS) 
are two colour models that are widely applied to represent the colour on electronic 
or other devices. Intensity refers to the total brightness of the colour, hue refers to 
the dominant wavelength of the light and saturation refers to the purity of the 
colour (Mather 1987, Carper et al. 1990, Lillesand and Kiefer, 1994). The 
coordinates of the RGB model range between 0 and 1 for each axis, while for the 
IHS transformation the values range between 0 and 1 for intensity and saturation 
component and between 0 and 360 for hue component (Edwards and Davis 1994). 
To transform the values of an RGB colour composite to the IHS components. 
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several different algorithms have been developed, which differ in their way of 
calculating the intensity component and in the RGB colour used as reference point 
for calculating the hue component. In general, the IHS transforms the values of a 
three channel composite in such a way that the spatial information is separated in 
the intensity component, while the spectral information is separated in the hue and 
the saturation components (Carper et al. 1990). 

Case studies, Intensity-Hue-Saturation (IHS) transformation, a method mainly 
used for mapping multiresolution and multispectral data and for contrast- 
stretching applications, has been applied for burnt land mapping using a three- 
channel composite of Landsat-5 TM (Koutsias et al. 1998). The hue component of 
two RGB colour composites consisting of the Thematic Mapper channels TM7, 
TM4 and TMI, proved to be very useful in burnt land mapping since the fire scar, 
compared to other land cover categories, was well differentiated (Fig. 9.6). The 
reduction in dimensionality of the original spectral space and the elimination of 
the information responsible for discrimination of the burnt surfaces was 
accomplished successfully, so that two very distinet groups of pixels, one 
belonging to the burnt category and the other to the unburnt, appeared in the hue 
component. In this study, the algorithm to transform the RGB to IHS values, 
developed by Conrac (1980) and described in the Erdas field guide, was adopted 
(for further details see Erdas Inc. 1991). 

Two among many RGB colour composites that were transformed to IHS values 
proved to be very useful in burnt land mapping. They were the composites of 
TM7-TM4-TM1 and TM4-TM7-TM1 of Landsat-5 TM. Actually, in the hue 
component the fire scar was well discriminated from other land cover/use 
categories presented in the satellite image (Fig. 9.6). 

Koutsias et al. (1998) pointed out some reasons in the attempt to explain why 
the burnt surfaces were well discriminated in the hue component and not in the 
intensity or saturation. These reasons mainly depend on the mathematical 
expressions involved in the transformation, on how each component utilises the 
initial spectral information and on what each component of the transformation 
actually represents. As already mentioned, intensity refers to the spatial 
information of the composite image, and hue and saturation to the spectral. Thus 
burnt areas are expected to be identified on the hue or saturation component, since 
they constitute a spectral, rather than a spatial pattern. On the other hånd, the 
values of the hue component of the RGB colour composites used result from the 
spectral information of TM7 and TM4, which has been proved the most suitable 
for burnt area mapping (Lopez and Caselles 1991, Koutsias and Karteris 1998a, 
1998b). 

So far, the IHS transformation has been mainly applied for merging satellite 
data acquired from different sources, by applying a forward/inverse transformation 
in which the intensity component is replaced by the higher spatial resolution 
image (Blom and Daily 1982, Haydn et al. 1982, Thormodsgard and Feuquay 
1987, Welch and Ehlers 1987, Carper et al. 1990, Chavez et al. 1991), and as an 
image enhancement technique (Haydn et al. 1982, Green 1983, Gillespie et al. 
1986, Edward and Davis 1994) especially in the context of geological applications 
(Mather 1987). 
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Fig. 9.6. The Intensity, Hue and Saturation component of the IHS color model of the TM7- 
TM4-TM1 RGB color composite. In the hue component the bumt areas are well discrimi- 
nated from the majority of the land cover/use categories. Confusion with some of the cate- 
gories still remains as a problem, although it is not so extended. Among the confusing 
categories we can distinguish some areas dominated by sparse vegetation, the coastal line, 
and some segments of the road which passes through the forested area. 


Concluding remarks. The Intensity-Hue-Saturation transformation, a method 
mainly used for merging multiresolution and multispectral satellite data and for 
contrast-stretching applications, has been successfully applied for burnt land 
mapping. The reduction of the dimensionality and the elimination of the spectral 
information was accomplished successfully. Actually two very distinet groups of 
pixels, one belonging to the burnt category and the other to the unburnt, appeared 
in the hue component of the TM741 RGB colour composite. 

The IHS transformation proved to be superior to other methods in the follov^ing 
aspects (Koutsias et al. 1998): 

• It does not require radiometric corrections or radiometric enhancements 

• It does not require definition of training areas 

• It produces a new data set in which the burnt areas are well discriminated 

• Confusion between burnt areas and other land cover/use categories, such as 
shadows, urban areas, water bodies, etc. is se verely reduced 
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9.4,2.5 

Other techniques 

Besides the implementation of the techniques described previously, other 
methods employed in burnt land studies include visual analysis and estimation, 
incorporation of vegetation indices, application of supervised and unsupervised 
classification procedures, involvement of linear regression, etc. 

Among these, visual analysis is the simplest and under some circumstances can 
prove very effective for burnt land mapping, especially when used for masking the 
broad area around the fire extent before digital processing of the satellite data 
(Chuvieco and Congalton 1988). In this study, the RGB colour composite used 
consisted of the middle and near infrared spectral channels of Landsat-5 TM (4, 7 
and 5). However, in other studies a superior performance of the TM 7,4,1 colour 
composite was also noticed (Koutsias and Karteris 1998b). The opportunity to 
interpret, apart from the spectral resolution, the spatial arrangement of the objects 
in the satellite image is considered to be its main advantage. As already 
mentioned, spectral similarities between the burnt surfaces and some other land 
cover/use categories occur very commonly, which result in confusion and 
misclassification among them. An effective solution to overcome this spectral 
confusion is to take into consideration the textural and contextual information 
(Pereira et al. 1997), which well-trained personnel can easily elaborate. However, 
this exhibits some disadvantages in respect to time requirements and the 
subjectivity of the interpretation, which limit its efficiency. 

Vegetation indices, especially when used in a multitemporal approach, have 
been widely applied in burnt land mapping, either integrated with other channel 
combinations into more elaborated classification procedures (Pereira et al. 1997) 
or alone using change detection techniques (Milne 1986, Chuvieco and Congalton 
1988, Lopez and Caselles 1991, Kasischke et al. 1993, Viedma et al. 1997). 
Vegetation indices, which result from the algebraic combinations of the spectral 
channels, reflect the vegetation vigour and attempt to estimate several vegetation 
parameters (Tucker 1979, Campbell 1987). The aim is to reduce the multispectral 
observations to a single numerical index, which has been found to be well 
correlated with the intemal factors of the ecosystems components, such as 
biomass, leaf area index, vegetation cover, etc. and also to minimise the effect of 
extemal factors such as inclination, sun orientation, etc. (Jensen 1986, Buret and 
Guyot 1991, Wiegand et al. 1991). Among them, the Normalised Difference 
Vegetation Index (NDVI) has been proved to be very useful for burnt land 
mapping (Fig. 9.7), although in other studies a different version of this index 
resulting by the replacement of TM3 with TM7 (Fig. 9.7) showed superior 
performance (Lopez and Caselles 1991, Koutsias and Karteris 1998b). 

Supervised or unsupervised classification is a very conunon and well-explored 
method which has been applied for a wide range of applications. In the framework 
of burnt land mapping, the first attempts employed a digital supervised 
classification of a pre and post-fire satellite image followed by a comparative 
evaluation of the classification results. Chuvieco and Congalton (1988), when 
applying a traditional supervised classification in a Thematic Mapper image to 
study a large forest fire in Spain, reported some significant inaccuracies in the 
classification results. However, refining the selection of the training statistics 
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Fig. 9.7. The NDVI (left image) of the post-fire satellite image, and a modified version of 
the NDVI which results by replacing the TM3 with TM7 (right image). The superior per- 
formance of the latter index over the NDVI to enhance the spectral discrimination of the 
bumed surfaces is evident. 


using a supervised-unsupervised technique and also integrating certain channel 
ratios with the original spectral bands, brought a notable improvement in the 
classification performance. 


9.5 

Discrimination of damage intensities 

9 . 5.1 

Interest in discriminating damage intensities 

As previously described, different image processing techniques make it possi- 
ble to discriminate fire perimeter by the use of high-resolution imagery. This 
chapter deals with classification of levels of fire damage within the scorched area, 
which may be a difficult task because of the many factors that play an important 
role in the signal received by the sensor. Among these, the most important are: 

• the complex spatial patterns of the mediterranean vegetation, where differ¬ 
ent strata and vegetation communities are usually mixed, 

• the degree of carbonisation, 

• the type of damage (trunk damage, surface damage, crown damage), 

• proportion of ashes and soil, 

• proportion of damaged and non damaged vegetation within pixel. 

In faet, due to the different situations resulting from the above mentioned fac¬ 
tors, classification of a burnt area in terms of damage levels even by fieldwork 
may become a difficult task, either quantitatively (carbonisation degree) or quali- 
tatively (general categories of damage). 

High resolution satellite imagery displays a synthetic view of these complex 
situations, making possible a quicker and cheaper evaluation of the affeeted area 
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than the one provided by traditional methods of fire effects assessment (field in- 
ventories). This advantage can be highly appreciated in a forest management con- 
text, where simple maps which can be quickly supplied are required for the deci- 
sion-making process. 

Basically the techniques used in the classification of damage do not differ from 
those applied to burnt land mapping, either by the use of single post-fire images or 
by multitemporal information. Anyway, in most of the cases, validation of the 
satellite imagery with fieldwork and/or aerial photography was estimated as nec- 
essary. As the most common methods the following can be mentioned: 

Thresholding either of single bands (Hall et al. 1980) or different Vegetation 
Indices (Dagorne et al. 1990, Navarro 1991, Salas et al. 1997, Rodriguez y Silva 
et al. 1997) 

• Multivariate analysis of original bands (Tanaka et al. 1983) 

• Unsupervised classification (Benson and Briggs 1978, Lobo et al. 1998) 

• Supervised classification of original bands, and or Vegetation Indices 
(Milne 1986, Jakubauskas et al. 1990) and ancillary information (Navarro 
et al. 1997b). 

• Supervised-unsupervised classification of NDVI images (Chuvieco 1989, 
Chuvieco and Congalton 1988). 

Within the Megafires Project, taking into account the frame of an operational 
and management-focused system, different processing techniques were applied in 
Andalusia (Spain) for the 1995 and 1997 fire seasons . 

Previously, a visual Damage Index for field survey was specifically designed. 
This Damage Index, based on visual qualitative data, distinguished five categories 
of damage; 

• no damage: no damage can be observed on the vegetation, 

• low damage: surface damage, with trees either slightly affected or not af- 
fected and the understory slightly affected, 

• moderate damage: understory and trees have been affected to a great extent 
but most of the vegetation has not been destroyed, some green crowns can 
be seen in between, 

• high damage: trees have been destroyed, some foliage still remains in the 
tree crowns, 

• extreme damage: vegetation is totally scorched, crowns totally destroyed. 
The Damage Index allowed easy classification of vegetation in the field in 

sample areas, which would be used to test the accuracy of the different techniques 
utilised. 

9 . 5.2 

Description of the techniques 


9.5.2.1 

Vegetation Indices thresholding 

Theoretical aspects. Based on the proven relationship between Vegetation Indices 
and plant parameters, application of different Vegetation Indices to discriminate 
damage le vels was carried out as the first step for the 1995 fire season. 



180 Burnt land mapping at local scale 


Vegetation Indices thresholding for fire damage discrimination is based on the 
assumption that there is a linear relationship between the different ranges of 
Vegetation Indices and a level of damage. For this reason, prior to performing this 
technique three Vegetation Indices (NDVI, SAVI, ARVI) were tested versus field 
data as a way to test determine to what extent each damage level would be related 
to the values of Vegetation Indices (VI). 

SAVI and NDVI are VI commonly used in vegetation studies, but ARVI is not 
so common. This index was proposed by Kaufman and Tanré (1992) to reduce the 
atmospheric influence on the vegetation signal, by considering radiance in the blue 
band, which is most affected by atmospheric scattering. ARVI is computed from 
the following expression: 

ARVI = (Lnir - Lrb)/(Lnir + Lrb) 

Lrb = Lr-f(Lb-Lr)l 

where Lnir, Lr, Lb are radiances in the near infrared, red and blue TM bands, 
respectively; f, type of aerosol (a value of 1 can be taken if no data are available; 
also for the study values of 0.5 and 2 were taken). 

From the outcoming results it was concluded that the different Vegetation Indi¬ 
ces could be grouped into two categories according to VI sensitivity to describe 
damage level: NDVI and SAVI in the first place, and ARVI (with 0.5, 1 and 2 
values for/) in the second. NDVI and SAVI had similar accuracy values, with 57 
and 56%, respectively. ARVI reached very low values of accuracy, thus indicating 
a very low sensitivity to detect fire damage. 

Only for totally burnt and non-burnt areas (extreme damage and no damage) 
was it possible to find a straight ‘universal’ relationship between VI values and the 
Damage Index, which was not possible for middle categories (moderate and high 
damage), whose spectral values fluctuated in the different points. This was partly 
due to the different proportions of the damaged and non-damaged trees within the 
pixel and partly to the definition of these categories in the Damage Index. Reduc- 
tion of the initial five categories of the Damage Index to 3 was pointed out as a 
way to improve the values of accuracy of the three Vegetation Indices. 

Case studies. From the first results of the 1995 fire season, thresholding of the 
NDVI and modified NDVI (with Band 5 instead of Band 3) was attempted for a 
1997 fire season forest fire in the Los Barrios area (Andalucfa, Spain). 

Results and concluding remarks, Figure 9.8 shows the mean, standard deviation 
and standard error values in the NDVI and modified NDVI in relation to damage 
values for five and three categories of damage. With respect to NDVI, the index 
shows a decreasing tendency as the damage degree increases, though this de- 
creasing tendency seems to change radically in the 4 and 5 damage le vels. On the 
other hånd, the modified NDVI shows an opposite tendency and it seems to fit an 
exponential function. Although some meaningful differences can be described 
between both vegetation indices, an internal overlap can be remarked, which 
makes it difficult to establish the limits between the different damage le vels. Sim- 
plification of original damage levels into three classes decreases this internal 
overlap, as can be seen in Fig. 9.8. In this case thresholding of the NDVI and the 
modified NDVI in three ranges shows a 45% and 42% level of accuracy. 
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Although thresholding of VI provides higher levels of accuracy when the origi¬ 
nal five classes are reduced to three, they still remain very low, especially if they 
are compared with other methods of image processing. For this reason this tech- 
nique should only be used under special conditions, when no field data are avail- 
able and no very high level of accuracy is required. For most cases other image 
processing techniques should be applied. 

9.5.2.2 

Unsupervised classification: segment-based classification 

Theoretical aspects. Assessment of fire impact can also be made by comparison 
of both pre- and post-fire images, which may entail some difficulties. One of them 
is that post- and pre-fire images often are separated by a significant time interval 
due to acquisition, atmospheric and/or economic reasons. Such a time lag in vol ves 
some surface change on reflectance that is not due to fire and which is also de- 
pendent on the vegetation type. This is particularly important for Mediterranean 
vegetation, that is typically water-stressed. Consequently, images acquired a few 
weeks apart might show significant differences in vegetation reflectance if rain 
has occurred in between. Therefore, differential responses to fire and environ- 
mental conditions, along with the subtlety of the variable of interest, advise the 
use of detailed pre-fire vegetation maps for an stratified analysis. On the other 
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Fig. 9.8. (above) Mean, standard deviation, and standard error in NDVI and modified 
NDVI for five damage levels; and (below) Mean, standard deviation and standard er¬ 
ror in NDVI and modified NDVI for three damage levels. 
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hånd, the simulation of not-burnt conditions at post-fire time reflectance (Lobo et 
al. 1998) can greatly improve the assessment of fire damage intensity. 

An exploratory analysis of the change between the pre- and the post-fire image 
is essential for an assessment of damages that could consider the eventual differ- 
ential response of land cover categories. For this purpose it is necessary to defme 
statistical strata by means of land cover classification. Methods based on image 
segmentation, hierarchical clustering and discriminant analysis have been found to 
be more adequate that conventional per-pixel classifications. This method is based 
on (i) a segmentation of the image (i.e. with the IMORM algorithm), (ii) a hierar¬ 
chical clustering of a random subset of the image, (iii) a sub-optimal definition of 
the number of classes, (iv) a refmement of centroids (vectors averages and disper¬ 
sion matrices) through an iterative linear canonical discriminant process, and fi¬ 
nally (v) the classification of the entire image by allocating each segment to its 
closets centroid. 

Once the pre-fire image has been classified, the centroids of each class can be 
calculated in both the pre- and the post-fire image and for both burnt and unburnt 
surfaces. A plot of the trajectories of the centroids from pre- to post-fire condi¬ 
tions in a reduced space is an important step for the interpretation of the spectral 
signatures and to defme an ad-hoc index of fire impact. A common and useful 
reduced space is the one provided by the first three components of the Kauth- 
Thomas transform, but dedicated transforms based on canonical analysis are also 
useful. 

The actual definition of the damage intensity from remotely sensed imagery 
must be relative to pre-fire images but take into account the changes shown by the 
trajectories of the centroids between both dates on the unburnt part of the scene. 
An interesting way of doing so is to simulate the post-fire image as if fire had not 
occurred, which can be done simply by using the medians of the classes in the 
unburnt part of the post-fire image or by means of a regression tree. In any case, 
the information provided by the pre-fire classified image is essential. 

Case studies, Segment-based classification has been applied for burnt land areas 
using Landsat TM imagery (Lobo et al. 1998) for 1995 fire season, which was 
tested with the data classified in the field with the Visual Damage Index. This 
method was very efficient at detecting the fire scar and was also applied to classify 
the pre-fire image, after atmospheric standardisation, into ten classes. 

The average values of the ten classes were calculated in the Kauth-Thomas 
(TC) transformation of the pre-fire image and for the burnt and unburnt parts of 
the post-fire image. The two pairs of averages for each class were linked by ar- 
rows pointing from pre-fire to post-fire dates. These trajectories (Fig. 9.9) are 
consistent with the nature of the different land cover categories. The change in the 
unburnt surface between pre- and post-fire dates was significant. Land cover 
dominated by bare soil (classes 1, 8 and 10) decreased in brightness (TC-1) but 
increased in greenness (TC-2) and TC-3. At the other extreme, closed forest 
(classes 4, 7 and 9) increased in brightness with decreased greenness and, slightly, 
TC-3. Open forest classes (2, 3 and 6) decreased in all three components. These 
dynamics imply that vegetation was drier at the post-fire date, while differences in 
bare soil reflectance are probably due to the change in solar incidence angle. 
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Arrows pointing from pre-fire to post-fire averages in the burnt surfaces de- 
scribe change due to fire. Classes 1, 8, 10 and 5 (dominated by bare soil) did not 
get burnt, and actually acted as barriers to fire propagation. Closed canopy forest 
(classes 4, 7, and 9) severely decreased greenness and TC-3 with slight or no 
change in brightness, while open canopy forest (classes 2, 3 and 6) slightly de¬ 
creased brightness in addition to a severe decrease in greenness. The decrease in 
brightness was more severe as the percent of openness was higher. These re¬ 
sponses indicate that green vegetation lost the near-infrared - red contrast and that 
shortdry understory became darker. 

This analysis indicated that the TC-2, the Kauth-Thomas greenness, could be 
used as a measure for the assessment of fire damage intensity. A regression tree 
was thus calculated to predict the unburnt TC-2 values of the actually burnt p^ of 
the post-fire image using the class, the TC-2 at pre-fire conditions and the terrain 
variables (height, slope and aspect) as predictors, and evaluated using a jack-knife 
procedure. Finally, the difference between the simulated and the observed TC-2 
was used as an index of fire impact (Fig. 9.10). 

Concluding remarks. The processing based on image segmentation is very effi- 
cient at detecting the boundary of the fire scar as well as at producing a land cover 
map of pre-fire conditions. Classes thus produced show a consistent response to 
phenologic, environmental and fire-induced change. 

An estimation of fire impact cannot be done from a simple comparison of pre- 
fire and post-fire imagery if, as most often in Mediterranean landscapes, there is a 
significant time spån between the dates of both images. The difference between 
the actual second Kauth-Thomas component and modelled values is significantly 
related to the field-estimated Damage Index, for which the discriminant power of 
the image and terrain variables already provide a cost-effective estimation of the 
degree of fire impact, in particular in the case that discrimination between the 
higher le vels of damage is not a major concern for the end user. 


9.5.2.3 

Supervised Classification 

Theoretical aspects. Related to this approach, the classification of intensities of 
damage has been made by the use of two different methods (Navarro et al. 1997b): 

• Supervised minimum distance classification with the following combinations: 

• Post-fire image with all bands. 

• Post-fire image with all bands plus slope and aspect. 
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TC 1 

Fig. 9.9. Trajectories in the Kauth-Thomas Space. Numbers represent median valnes for the 
10 classes. Arrows point from valnes in the pre-fire TM image to the post-fire TM image. 
Open circles represent median valnes of the not-bnmt part of the post-fire image, while solid 
circles represent the median valnes of the bnmt part. 

Post-fire TC-2 - Model Medians 



L©v©[ of Fire tmpact (fi©ld) 

Fig. 9.10. Box plots of the valnes of the index of fire impact (y-axes) stratified by the field- 
observed levels of fire impact (X-axes). White bands indicate the medians; sqnare brackets, 
the range; notches, 95% confidence intervals of the medians. 


• Post-fire and pre-fire images with all bands plus slope and aspect. 

• Supervised maximum likelihood classification with a single combination 
of all TM bands of the post-fire image plus slope and aspect. 

Supervised classifications are an application of the technique known as dis- 
criminant analysis. Through the analysis of the differences between two or more 
groups with respect to a set of variables simultaneously, each value will be classi- 
fied in its closest group. 

The basic conditions to perform this analysis are (i) the existence of two or 
more groups differing in some variables, (ii) a priori classification of the values 
has to be mutually excluding, (iii) each group has to be extracted from a popula- 
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tion which is distributed according to a multivariate normal, and (iv) there is no 
variable that is a lineal combination of the others. 

From the above mentioned conditions, discriminant analysis can be used to 
classify pixels of the scene. In this case a mle which optimally allows allocation of 
a new object to any of the established classes is needed. Basic statistics are: lineal 
canonical function, if the covariance matrices are identical, and the quadratic clas- 
sification function, in the case that covariance matrices are not identical. 

With the information gathered for each training area, supervised classification 
was performed on a post-fire image in the Los Barrios area (1997 fire season), 
with the original Landsat-TM bands (band 6 excluded), plus slope and aspect. 
Two classification rules were used: the first one was based on the lineal canonical 
function, which determines the values of these functions for each pixel (the num- 
ber of functions is the same as the number of established groups). Finally, the 
pixel is classified in the group whose function has the highest value. 

The second one is based on the maximum likelihood algorithm, which is ex- 
pressed as foliows: 

D = ln(a,) - [0.5ln(]CovJ)]- [0.5(X - M, J (Cov;‘- M J ], (4) 

where D is the distance to class centre, c the particular class, X the vector with the 
pixel values, M;. vector with the mean of class, the a-priori probability of be- 
longing to class c, and Cov^ the covariance matrix of class c. 

Case studies. Both supervised classifications have been applied in two different 
fire areas of Andalucia (Spain) for 1995 and 1997 fire seasons: Aznalcollar 
(Sevilla) and Los Barrios (Cådiz). The results are mainly similar in both cases, as 
showed in Lobo et al. (1998). 

Concluding remarks. Maximum likelihood classification of all original TM bands 
plus slope and aspect provides better accuracy values in relation to damage levels 
than other methods such as thresholding of different VI (NDVI, NDII) (Fig. 9.11). 

The Landsat-TM bands which are more capable of discriminating between dam¬ 
age levels are (in decreasing order): 5, 7, 4 and 3. Regarding other variables which 
can be helpful, slope is more valuable than aspect. Therefore, for future work a com¬ 
bination of the 1,2,3,4,5 and 7 post-fire image bands plus slope is advisable. 

The number of parcels to be surveyed for each fire is still under discussion. In any 
case the number of parcels per damage category should be enough to define the val¬ 
ues of the co-variance matrix and the mean vector. Application of a maximum likeli¬ 
hood classification to a 7 bands image, at least 7+1 training pixels are required, aim- 
ing to avoid a singular co-variance matrix, which makes impossible the calculation of 
the discriminant function. According to Swain et al. (1978), a minimum of lOxN 
pixels should be taken, being N the number of bands to be used in the model. 

Selection of suitable parcels in the field is essential for the classification stage, so 
that the following suggestions can be made: 

• The land plot must be homogeneous in relation to the type of vegetation 
before the fire, damage level and illumination conditions. 
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Fig. 9.11. Map of damage levels (Maximum likelihood classification). 


• Plot size must be over 1 hectare so that a 3x3 pixel training area can be taken. 
Nevertheless, for a fire with a high mixture of pixels belonging to different 
damage levels, parcels should be slightly smaller. 

As final conclusion, from an operational and management-focused point of view, 
some advantages of high resolution imagery in relation to discrimination of levels 
should be pointed out: 

• Landsat pixel size (30 m) is very suitable to forest management and planning, 
as it is even smaller than the usual basic unit utilized in forest management in 
Andalusia, the rodal, 

• the cost of Landsat images, together with the advantages of multitemporal in¬ 
formation, makes them very useful for the evaluation of forest damage and 
regeneration monitoring at a reasonable price. Future sensors will, however, 
play an important role in forest fire evaluation in the coming years. 

• Classification of pre and post-fire TM bands plus slope is the more useful 
technique, provided that field data are available. 

• As addressed by other authors (Milne 1986), knowledge of vegetation condi- 
tions is essential to understand and interpret the nature of change caused by 
forest fires. Taking this into account, classification of scorched vegetation in 
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terms of regeneration potential is more suitable to the decision-making proc- 
ess than a damage level map. This can be easily approached with a simple in¬ 
tegration of the vegetation and damage maps, so that different practices can be 
suggested for fiiture management of the fire area. 


9.6 

Epilogue 

Although forest fires may have a negative or a positive influence on the natural 
cycle of vegetation succession and on the ecosystem’s structure and function, the 
tremendous number of forest fnes frequently occurring over the same areas con- 
stitutes a real threat to natural ecosystems. The assessment of the consequénces 
associated with fire activity, as well as the development of a well-structured deci¬ 
sion-making system for the rational management of forest fnes, imposes the de¬ 
velopment of a comprehensive information system including advanced and power- 
ful monitoring processes. 

Satellite remote sensing could effectively be involved in burnt land mapping, 
since it pro vides the necessary means of gathering information of the Earth’s sur- 
face in a less expensive and timely fashion. Periodic spectral data in the visible 
and infrared part of the electromagnetic Spectrum, of high spatial resolution, ac- 
quired from remotely satellite sensors, offer an unlimited basic source of informa¬ 
tion, which by appropriate, computer-assisted processing and interpretation can 
contribute to a better, cost-effective, objective and time-saving method to map and 
monitor areas affected by wildland fnes. 
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